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The demand for hydrogen as a clean energy carrier has increased greatly. The Cu-Cl 
cycle is a promising thermochemical cycle that is currently being developed to be the 
large-scale method of hydrogen production. The lifetime of materials for the pipes 
transporting molten CuCl is an important parameter for an economic design of a 
commercial thermochemical Cu-Cl hydrogen plant. This research is an examination of 
candidate materials following an immersion test in molten CuCl at 500 °C for 100 h. Two 
alloys, Ni based super-alloy (Inconel 625) and super austenitic stainless steel (AL6XN) 
were selected as the base metal. There were two types of coating applied to improve the 
corrosion resistance of the base metals during molten CuCl exposure. A metallic of 
Diamalloy 4006 and two ceramic of yttria stabilized zirconia and alumina coatings were 
applied to the base metal using thermal spray methods.  
An immersion apparatus was designed and constructed to perform an immersion test that 
has a condition similar to those in a hydrogen plant. After the immersion test, the 
materials were evaluated using an electrochemical method in combination with ex-situ 
surface analysis. The surface condition including elemental composition, film structure 
and resistivity of the materials were examined and compared. The majority of the 
coatings were damaged and fell off. Cracks were found in the original coated specimens 
indicating the sample geometry may have affected the integrity of the sprayed coating. 
When the coating cracked, it provided a pathway for the molten CuCl to go under the 
coating and react with the surface underneath the coating. Copper deposits and iron 
chloride that were found on the sample surfaces suggest that there were corrosion 
reactions that involved the metal dissolution and reduction of copper during immersion 
test. The results also suggest that Inconel 625 performed better than stainless steel 
AL6XN. Both Diamalloy 4006 and YSZ (ZrO2 18TiO2 10Y2O3) coatings seemed to 
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1.  INTRODUCTION 
1.1 Project Introduction 
Fossil fuels have fulfilled the primary needs for modern society by generating the energy 
required for most demands. However, fossil fuel is not a renewable energy source, which 
will create problems in the future when it runs out.  The pollution created from the use of 
fossil fuel has also affected the climate and the environment.  This explains why people 
have started thinking about finding alternative energy sources.  Hydrogen is one of the 
brightest candidates to become an alternative energy resource that is easier to sustain than 
fossil fuel [1].  Hydrogen is an abundant chemical element, which eliminates the worry of 
running out of the element itself.  The demand for hydrogen has grown in many major 
industries such as oil, agriculture, petroleum, and particularly in the transportation industry.  
Hydrogen is deemed to be the future of clean energy in the transportation industry since 
hydrogen is considered to be a better energy carrier than electricity [2].  In the future, the 
demand for hydrogen is anticipated to increase greatly, thus an efficient and feasible 
hydrogen production process is required.   
Hydrogen, a clean energy carrier, is a great prospect to replace fossil fuel as a source of 
energy, but there are also problems associated with the current production process.  The 
current hydrogen production process (electrolysis) uses electricity to split water into 
hydrogen and oxygen.  The electricity that is generated from fossil fuel still involves the 
emission of carbon dioxide which diminishes the advantage of hydrogen being a clean 
energy source.  There have been some methods and technologies developed to perform 
thermochemical decomposition of water for hydrogen production using chemical 
compounds and a reaction cycle [1].  The thermochemical cycle is an efficient hydrogen 
production method since there is no heat wasted during the production cycle. The hydrogen 
production plant is designed to utilize the waste heat from a nuclear power plant that can be 
recycled in a closed internal loop [1].  
More than 200 cycles have been proposed, but only a few cycles have the efficiency and 
feasibility for commercial hydrogen production [2].  These cycles are considered promising 




cycles involve the use of heat over 800 °C [2].  The high operating temperature will create 
challenges and numerous problems including plant design and material selection [2].  The 
Cu-Cl cycle has several advantages compared to the other cycles, including a lower 
operating temperature [2].  The highest operating temperature in the Cu-Cl cycle is 530 °C, 
which is much lower than other cycles [1, 2].  The lower operating temperature means 
fewer problems associated with the plant design, energy efficiency, environmental impact, 
material selection, and cost involved.    
The Cu-Cl cycle uses a combination of chemical and electrochemical reactions of copper 
chloride compounds to separate the water into hydrogen and oxygen [1, 2].  The process 
schematic and reactions of the Cu-Cl cycle are given in Figure 1-1 and Table 1-1.  Firstly, 
the hydrogen gas and aqueous CuCl2 are generated by the reaction between HCl gas and 
aqueous CuCl [2].  The aqueous CuCl2 then is dried to produce solid CuCl2 which is 
transferred to a fluidized bed reactor [2].  Using the heat that is recovered from the waste 
heat of the cycle, the reaction between input water and solid CuCl2 will produce HCl gas 
and CuO·CuCl2, also known as copper oxychloride [2].  The copper oxychloride is then 
transferred to a molten salt reactor to produce aqueous or molten CuCl and oxygen [2].  
The Cu-Cl cyle is kept closed so that the chemicals and waste heat are recycled and reused 
during the hydrogen production process.   
 
Figure 1-1: The Schematic of Cu-Cl Cycle 





Table 1-1: Steps and Reactions of the Cu-Cl Cycle 
Step Reaction Temp.  range  
1                                          < 100 °C (1.1) 
2                       < 100 °C (1.2) 
3                                            400 °C (1.3) 
4                                   500 °C (1.4) 
The table was adapted from Naterer et al.  [2]. 
The lifetime of materials used to transport molten CuCl (from step 4 or Eq 1.4 in Table 1-1 
and the red rectangle in Figure 1-1) is an important parameter for an economic design of a 
commercial thermochemical Cu-Cl hydrogen plant.  There are many possible candidate 
materials for this application, but due to the limited data on corrosion processes in the 
molten CuCl, more research is required.  Since the molten CuCl exposure will be at 
elevated temperature (500 °C), a material that can withstand a high operating temperature 
and a severe corrosion environment is needed.  There are several high nickel content alloys 
available as candidate materials for transporting molten CuCl in the hydrogen plant.  Two 
alloys with high nickel content have been selected as candidate materials for the base 
metal.  In order to improve the corrosion resistance and survivability of the selected alloys, 
a ceramic coating can be applied to act as an insulator and protect the underlying alloys.  
The selected ceramic coatings also have a high corrosion resistance which will prevent the 
molten CuCl corroding the underlying material.  A bond coat metallic coating can be 
applied to improve the adhesion between the ceramic top coatings and the underlying 
metals.  The bond coat material can also have a high nickel content to improve the 
corrosion resistance of the material.  High Velocity Oxygen Fuel (HVOF) and Air Plasma 
Spraying (APS) are the two common methods used to apply the bond coat and ceramic top 
coating on the industrial structures.   
In this thesis, the performance of the two base metals and the metallic and ceramic coatings 
exposed to molten CuCl at 500 °C will be investigated.  An immersion apparatus to 
perform exposure tests that have similar conditions as the hydrogen plant will be described.  




observation; an electrochemical method- Electrochemical Impedance Spectroscopy (EIS); 
and surface analysis- Scanning Electron Microscope (SEM), and Energy Dispersive X-ray 
spectroscopy (EDX).   
1.2 Thesis Objectives 
The main objective of this thesis was to evaluate the performance of selected material and 
coating candidates exposed to molten CuCl at 500 °C for 100 h.  The candidate materials 
and coatings were selected for their high corrosion resistance, but there were limited data 
available on the corrosion process of these selected materials in molten CuCl.  By 
performing an immersion test on the candidate materials, the performance of the materials 
can be evaluated.  The objectives of this thesis are to: 
1. Design an apparatus for immersion test to test the selected material and coating 
candidates to the molten CuCl at 500 °C for 100 h. 
2. Determine the performance and integrity of the coatings. 
3. Determine the performance of both uncoated and coated base material. 
In chapter 2 of the thesis, the background theory of the corrosion process, coating methods, 
EIS and surface analysis methods are described. In chapter 3, a literature review of the 
related studies of the materials is provided.  The experimental setup and procedure for EIS, 
immersion, and surface analysis methods are provided in the chapter 4.  In chapter 5, the 
results of the visual observation, EIS, and surface analysis method are reported.  The 
discussion of results is provided in chapter 6.  Finally, in chapter 7 the conclusions and 









2.  BACKGROUND AND THEORY 
2.1. Corrosion Background 
Corrosion is an electrochemical reaction that occurs as a pair of oxidation and reduction 
half reactions so one substance donates electron(s) (i.e., oxidation) and the other receives 
electron(s) (i.e., reduction) [3,4].  An example of an electrochemical reaction is iron metal 
placed in an acidic solution: the iron is oxidized or donates electrons at the anode and 
protons are reduced or gain electrons at the cathode.  The redox (reduction and oxidation) 
reaction can be investigated to understand the corrosion reaction.  Figure 2-1 illustrates the 
electrochemical reaction of a metal that is exposed to a corrosive solution or electrolyte.   
 
There are two aspects involved in a corrosion process: thermodynamics and kinetics     
[3,4].  The thermodynamic aspects cover the energy changes in the corrosion process that 
determine if the reaction may occur.  The thermodynamic aspects also cover the stability of 
the reaction and the corrosion product during the corrosion process [3,4].  However, the 
thermodynamic aspects cannot determine the corrosion rate.  The kinetic aspects will cover 




















Figure 2-1: The Illustration of Corroding Metal or Substrate 
The metal is exposed into an electrolyte or solution.  The metal (the anodic site) is 
oxidized and losing electrons forming M
m+
.  The solution/electrolyte (the cathodic 
site) is reduced and accepts electron xe
-
.  The Icorr, the corrosion current, can be related 




kinetic aspect of the electrochemical reaction is not covered since the corrosion rate of the 
immersed materials is not measured.   
Based on thermodynamic aspects, for every electrochemical reaction, there is always a 
change of Gibbs energy involved in the reaction.  The Gibbs energy change,   , can be 
related to the corresponding electrochemical potential between the two redox reactions 
[3,4].  The relationship between the Gibbs energy change and the corresponding potential 
can be described as: 
               
  (2.1) 
where,   is the number of electrons being exchanged during the reaction,   is the Faraday’s 
constant (96,500 C/mol), and      
  is the corresponding potential or the sum of the anodic 
and cathodic reaction standard potential.  The possibility of a reaction occuring can be 
determined by the    value.   
Each of the anodic and cathodic reactions have their own standard potential value, known 
as    .  The electron that is involved in corrosion reaction tends to flow from the most 
positive point (anode) to the most negative point (cathode).  To measure the standard 
potential of the two reactions, a reference point or standard is required.  The standard 
hydrogen electrode (SHE) potential is often used as the reference point for potential 
measurements since the SHE equilibrium potential is defined as zero at any temperature 
[3].   
As an example, two metals (nickel and iron) are placed in two separate containers filled 
with HCl solution.  By comparing the    values of the two reactions, the reaction which is 
more thermodynamically favorable can be determined.  The reaction of nickel and iron in 
HCl solution are: 
Nickel:                  (2.2) 





Both nickel and iron when placed in HCl solution will produce metal chloride (iron 
chloride or nickel chloride) and hydrogen gas.  Both reactions can be simplified into ionic 
reactions:  
Nickel:                 (2.4) 
Iron:                (2.5) 
Each of these ionic reactions can be separated into individual anodic and cathodic 
reactions.  The redox reactions for nickel and iron in HCl solution and the standard 
reduction potential value of each reaction [5] are: 
          reaction    = -0.25V (2.6) 
         reaction    = -0.44 V (2.7) 
       reaction    = 0 V (2.8) 
By looking the      
  value of each redox reaction of nickel and iron, the more favorable 
reaction is determined using. 
        
    
    
    (2.9) 
where   
  is standard potential of anodic reaction and   
  is standard potential for cathodic 
reaction.  The       
  values of nickel and iron in HCl solution are: 
Nickel:      
   0 V -  (-0.25 V) = 0.25 V  
Iron:      
   0 V - (-0.44 V) = 0.44 V  
The reaction between iron and HCl solution is more thermodynamically favoured since 
     
  value is greater.  The      
  value is directly proportional to    which means the 
greater the      
  value, the larger negative value of    is for iron-HCl reaction.  The larger 
the negative value of   , the more thermodynamically favorable the reaction is due to the 





2.2. Coating Background 
Coatings are applied to protect the surface of a material so that it can survive longer in a 
corrosive environment.  It is important to maintain the integrity of the material considering 
the high cost of the maintaining or replacing the material.  The corrosion of a poorly 
selected material will pose a hazard to the environment because it may let a corrosive 
substance escape when the material loses integrity.  A material with high corrosion 
resistance and nobility has to be selected.  Selecting a noble metal to prevent corrosion may 
be impractical due to the high cost involved.  Applying a layer of coating on a metal can be 
the solution of the problem.   
2.2.1. HVOF and APS  
HVOF is a thermal spraying method that uses oxygen and fuel gas (kerosene) combustion 
to create a high velocity impact that can be used to apply the coating material onto the 
substrate [3,6].  The combustion occurs inside a combustion chamber with a nozzle at the 
end for the high velocity gas stream exit, carrying the coating powder from the feeder to the 
substrate (Figure 2-2).   
 
The HVOF technique, among other spraying methods, works at a relatively low 
temperature.  The high velocity of the sprayed powder particles improves of the quality of 













Figure 2-2: The Illustration of HVOF Spraying System 
The coating powder is sprayed onto the metal substrate through the spray nozzle by 
energy created by the ignition of kerosene and oxygen.  The powder is distributed 





also known to produce a good microstructure, adhesive strength, reliability, and long 
lifetime [8]. 
APS is a thermal spraying method that uses a high velocity plasma stream to apply the 
coating to the substrate.  APS coating is also known for the better corrosion resistance, 
bond strength, and surface roughness than other spraying methods [8].  The APS method is 
preferred since it is simpler and less expensive than other coating deposition methods [8].   
Heating the plasma gas that is fed into the chamber, (Figure 2-3) increases the ionization 
process and expands the plasma gas to create a plasma stream [6].  The plasma stream will 
then carry the coating powder to the substrate.  In APS, both the plasma stream temperature 
and velocity depend on the arc current generated.  A high AC current will increase the size 
of the arc generated and also accelerate the plasma gas expansion process, thereby 
increasing the velocity of the plasma stream.  The plasma stream temperature can reach up 
to 1370 °C and velocities up to 800 m/s, which are enough to melt a wide range of coating 
materials [6]. 
 
Ceramic coatings are a popular choice for thermal barrier coatings (TBC) for high 
temperature application since ceramics add an insulating layer to the underlying metal and 
have a high melting point.  The higher spraying temperature can provide a better 
















Figure 2-3: Illustration of an APS Spraying System 
The coating powder is sprayed on to the metal substrate through the spray nozzle by 
the plasma stream generated from the passing of electric current (from the arc) to the 
gas.  The powder is distributed from the powder feeder into the path of the high 





There are also other spraying parameters that can improve the quality of the APS coating.  
The speed of the sprayed particle will affect the bond strength and the porosity of the layer 
[9].  Doing the spraying in a vacuum chamber will remove all the unwanted gaseous 
elements, thereby improving the quality of the coating.  The closed spraying process in a 
vacuum chamber will also provide better control of the residual stress and better bond 
strength for the coating [9].  The absence of oxygen eliminates the problem of oxide 
growth during the spraying process at elevated temperature.  However, when a vacuum 
chamber is used, the size of the sample to be coated is limited since the sample has to fit 
the chamber.   
As shown in Figures 2-2 and 2-3, both HVOF and APS have spray nozzles that give both 
methods the advantage of coating materials of various sizes and allow them to stand free or 
be held in a sample holder during the spraying process.  It is a common practice to line up 
the samples in the sample holder and have the spray nozzle move to apply the coating.  The 
problem arises when the material has a sharp corner or edges since these are difficult to 
coat uniformly when it is standing free or held in a sample holder.  The coating can be 
applied in several more layers around the edge of the sample to compensate for the edge 
effect. Unfortunately, the coating around the edge still may not be as thick or uniform as 
that on a flat surface. The poor quality or non-uniform coating on the edge is more 
susceptible to cracking and damage.  When the coating cracks, it will allow a corrosive 
solution to gain access to the protected surface.   
 
2.3. EIS Background 
2.3.1. Background Theory of EIS 
The main objective of this thesis was to evaluate the performance of selected coated 
materials after being exposed to a corrosion environment.  EIS is a rapid, accurate, non-
destructive, and efficient method that can monitor the changes in a surface of a material   
[10,11].  The EIS technique is based on electrical impedance.  The ohmic electrical 
resistance (R = V/I) is too simple because the actual electrochemical process is more 
complex than a basic resistor element [11,12].  Impedance (Z) analysis is used instead of 




evaluation.  The total impedance (Z = Vac/Iac) represents how well the circuit resists the 
AC (Alternating Current) current flow which can be related to the properties of the coating 
or film [11,12].   
The impedance of an EIS experiment can be determined by applying an AC potential to an 
electrochemical cell and measuring the current response.  Both the applied AC potential 
and the measured current are in the form of a sinusoidal wave (Figure 2-4).  The applied 
AC voltage and current response are expressed using equations [13]: 
                   (2.10) 
                       (2.11) 
where,      and       are the applied potential and current response, with respect to the 
time, respectively,    and    are the amplitudes of the applied potential and current 
responses,   is the radial frequency (2πf), f is the frequency, and   is the phase shift or 
angle between the potential and current wave.  Impedance represents the ability of a system 
to impede a current flow and can be expressed as:  




           
              
 (2.12) 
 
The three basic elements used in an electric circuit are resistors, capacitors, and inductors.  
Each provides different current responses.  When the potential is applied to an electric 






Figure 2-4: The AC Applied Potential and Current Response in Sinusoidal Wave. 
The red line is the applied voltage and the black line is the current response.  The 





angles in its sinusoidal wave, based on the characteristics of the element.  A resistor tends 
to resist or prevent the electric current flow.  When an AC current is passing through a 
resistor, the phase shift is 0° since the current response remains in the same phase as the 
applied voltage.  A resistor is often related to the conductivity of the electrolyte, the film 
resistance or the charge transfer of a corrosion reaction [13].  A capacitor is a circuit 
element that can hold and contain the electron charge or delay a current.  When a current is 
passing through a capacitor, the resulting current will have a phase shift (lag) of -90° [13].  
A capacitor is often related to the double layer capacitance at the interface between the 
electrolyte and working electrode or the film capacitance of a coating [13].  An inductor is 
a circuit element that advances current and is usually associated with absorption effects 
within the film [13].  When a current is passing through an inductor, the resulting current 
will have a phase shift (advance) of 90° [13].  Combining the phase angle and the 
magnitude of the applied potential and current response, the total impedance of the system 
can be determined.   
2.3.2. EIS Results Presentation Background 
Impedance (Z) consists of two components, the magnitude (|Z|) and the phase shift ( ), 
values of which are plotted into a vector plot (Figure 2-5a) [12].  A vector plot is a 
convenient way to represent the applied potential and current response in terms of the Z 
magnitude and the phase angle [14].  Z can also be plotted in a complex plane (Figure      
2-5b), where the imaginary value of the impedance (Z”) is plotted versus the real value of 
the impedance (Z’). The complex number representation is used since it can 
mathematically express the phase angle relationship between electric circuit components 
[14].  The relationship between the phase angle, |Z|, Z”, and Z’ can be described as: 
                   (2.13) 
            
   
  
 (2.14) 
The Z” versus Z’ plot is called a Nyquist plot which is a frequency dependent plot of all the 
AC impedance values gathered [12].  The frequency dependent plot allows the researcher 




plots, Bode phase angle and Bode |Z|, which are plotted versus frequency.  By looking at 
these two plots, the number of time constants and the electric circuit elements required to 
model or represent the system can be approximated.   
 
Resistors and capacitors are the circuit components that are frequently used to represent the 
film condition of a bare metal or a coating.  The resistor has only a real impedance value 
and no imaginary impedance value [11,12].  The Nyquist plot of a resistance is a single 
point since the resistance value does not change with the frequency.  Since the resistance is 
a constant value, in the Bode plot it will appear as a horizontal line throughout the range of 
frequency for that experiment.  In contrast, the capacitance in the Nyquist plot has only 
imaginary impedance values [12].  A purely capacitance impedance will lie on the Z” axis 
of a Nyquist plot and the impedance will decrease as the frequency increases. In the Bode 
plot, the capacitance will be plotted as a line with a slope of -1.  These two electric circuit 
elements can be correlated with the physical condition of the material tested.  An analysis 
of how well the selected electric circuit model represents the material condition can be 
decided by looking at the goodness of fit between simulated data for a defined circuit and 
the actual result.  There are several electrochemical software packages that can be used to 
fit the selected electric circuit representation.  After finding the best circuit representation, 
the value of each circuit element for that model can be generated.   
2.3.3. Electric Circuit Model 
Examples of simple electric circuit models frequently used to represent the surface of a 









Figure 2-5: The Vector and Complex Plane Plots of Impedance Data. 
Figure (a) is the vector plot of the impedance magnitude and phase angle and (b) is the 






[12].  A Randles cell (Figure 2-6a) is composed of a resistor (R2) in parallel with a 
capacitor (C1) and connected in series with another resistor (R1).  If this model is used to 
represent the intact coated sample, then R1 represents the electrolyte resistance whose value 
depends on the electrolyte solution concentration.  The solution resistance value can be 
calculated using equation:  




where,    is the solution resistance,   is solution conductivity,   is the distance between the 
reference, and working electrode,   is the area of exposure.  The element R2 is generally 
reserved for the resistance of a redox reaction or related to the resistance of a material (Rf).  
The capacitance represents the coating which is dependent upon the thickness and material 
properties of the surface.  The ideal capacitor is only used when the coating is in good 
condition or intact [12].  Once the coating starts to deteriorate, it can be represented by 
other electrical element, the CPE (Constant Phase Element) which is a non-ideal capacitor 
that includes a leaking condition or surface roughness effects. 
 
For the Randles circuit model (Figure 2-6a) at low frequency, the capacitor value become 
infinitely large and acts like an open circuit which means there will not be any current 
passing through it [12].  The current will pass through the two resistors left in the circuit 
which means in the Nyquist plot at low frequency will be the sum value of two resistors 
(R1 and R2).  The Bode |Z| plot will also display both resistors values represented as a 
horizontal line.  In contrast, in the high frequency region, the total impedance of the 
capacitor become smaller as the frequency keeps increasing and the capacitor will act like a 
(a) (b) 
Figure 2-6: The Randles Cell and Modified Randles Cell 
where R1 represents solution resistance.  C1 represents double layer capacitance and 
R2 represents the resistance of redox reaction.  C2 represents coating capacitance and 




short circuit.  The current will flow completely through the capacitor (C1) instead of the 
resistor (R2) [12].  The Nyquist plot over the entire frequency range will show the R-C 
network response as a semi-circle (Figure 2-7a) within the mid-range frequency, the R1 
value at the high frequency and R1+R2 at low frequency.  The Bode |Z| plot will show the 
capacitance network in the form of straight line with a slope of -1 in the mid-range 












Figure 2-7: Example of Nyquist and Bode Plots 
Figure (a) is a Nyquist plot of Z” vs Z’.  The low frequency area on the Nyquist plot is 
on the right.  (b) The Bode plots, where the green rectangles are |Z| vs frequency and 




The Randles cell is normally used to represent an intact metallic sample or a swollen 
coating.  However, if the surface is severely damaged, more complex models may be 
required to represent the material condition.  Figure 2-6b illustrates an electric circuit 
model that is suitable for representing a damaged coating.  Similar to the R1 in the Randles 
cell, the R1 in the Figure 2-6b represents the solution resistance.  The C1 and R2 in the 
Figure 2-6b also represent the double layer capacitance (CDL) and the resistance of a redox 
reaction (Rf).  The coating capacitance (C2) value in Figure 2-6b can be interpreted in 
terms of the coating condition (  ) of the sample [10].  The    value can also be related to 
the actual surface thickness based on [11]:  
          
 
 
  (2.16) 
where,   is the relative electrical permittivity/dielectric constant of the material of the 
coating; the    is a electrical permittivity constant (8.85 x 10
-14
 Farads/cm); A is the area of 
the surface; and t is the thickness of the coating.   
The R3 in Figure 2-6b is the generalized coating resistance consisting of both the 
resistance of the coating and the pores in the surface (Rp).  When the coating is intact and 
acts as a barrier between the substrate and electrolyte, the Rp value is high [10].  However, 
as the time of exposure increases or once the coating starts to deteriorate, the Rp value will 
decrease because the coating has lost its resistivity possibly due to solution penetration into 
the substrate.  The Rp value is important since it represents the integrity of the coating 
[10,11].  It is important for the Rp value to be analyzed properly because in some cases, the 
Rp value may increase greatly after there is some corrosion on the surface over long 
exposure.  The corrosion product or deposit can act as a barrier that blocks the current path, 
resulting in a high value for Rp [10].  This occurrence indicates that EIS cannot be used as 
the only method to predict or analyze the corrosion process.  EIS is a useful tool, but it 
requires other methods to confirm the validity of the analysis.  There are many ex-situ 
surface analysis methods that can be used to support the result from EIS tests.  Overall, by 
comparing the EIS data for the specimen surface before and after immersion testing, 




2.3.5 Nyquist and Bode Plots 
Coating failure can be indicated by EIS results.  The EIS results are usually presented in 
one of two plots, Nyquist and Bode plots (  and |Z|).  The Nyquist and Bode plots of an 
intact coating are shown in Figure 2-8.  The Randles cell selected to represent the 




Figure 2-8: Nyquist and Bode Plots of Intact Surface 
Figure (a) is a Nyquist plot of Z” vs Z’, (b) is the Bode plots, where the green 
rectangles are |Z| vs frequency and the yellow diamonds are phase angle vs frequency, 
(c) is the Randles cell, and (d) is the exploded view of the high frequency Nyquist 
plot.   
(c) 
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When the coating is intact, it behaves like a perfect capacitor [10].  The Rf of the surface or 
film remains high.  In the Nyquist plot (Figure 2-8a), the total impedance of the system is 
represented by the Z” value since the circuit is behaving like a perfect capacitor.  There are 
two graphs plotted for the Bode plots (Figure 2-8b), the |Z| and phase angle versus the 
frequency.  The |Z| Bode plot (green rectangles) shows that from the mid-range to the low 
frequency region, the system is represented by -1 slope which is characteristic of a 
capacitor.  The intact coating provides enough of a barrier that direct current does not pass 
through to the substrate. 
In contrast, Figure 2-9a shows a significant change of shape for the Nyquist plot, from a 
straight line to a semi-circle.  The Rf value decreases since the coating has allowed some of 
the electrolyte to be in contact with the substrate.  The Nyquist plot in Figure 2-8a is 
dominated by the capacitive behavior since the resistance value is still high.  The high 
resistance value will be considered as an open circuit allowing the current to go to the 
capacitor.  If the resistance value is smaller, the Nyquist plot will become a semi-circle 
since both circuit elements characteristics will contribute to the impedance.  The change in 
circuit element values represents a change in material structure or surface condition [10]. 
Figure 2-10a shows an example of a Nyquist plot of a damaged surface.  The electrolyte 
that penetrates into the surface has damaged the coating and the surface.  As a result, the 
surface condition changes and the Randles cell cannot be used as a representation.  A 
capacitance in parallel with a resistor is added to Randles cell to represent the system 
better.  The modified Randles cell used to represent the damaged coating can be seen in 
Figure 2-10c.  The additional capacitance represents the double layer capacitance (CDL) 
since the metal is in contact with electrolyte.  The additional resistor represents a 
generalized coating resistance (Rp).   
Each of the time constants can be represented by an R-C network [15].  The Bode plots 
show that there are two time constants (one large and small semi-circle in the Nyquist plot).  
The additional R-C network is added to compensate for the damage occurring on the 
coating.  The decreasing values of Rf, Rp and Qf indicates that the coating is no longer 







Figure 2-9: Nyquist and Bode Plots of Swollen Coating 
Figure (a) is a Nyquist plot of Z” vs Z’, (b) is the Bode plots, where the green 
rectangles are |Z| vs frequency and the yellow diamonds are phase angle vs frequency, 
(c) is the Randles cell, and (d) is the exploded view of the high frequency Nyquist 
plot.   
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Figure 2-10: Nyquist and Bode Plots of Damaged Coating 
Figure (a) is a Nyquist plot of Z” vs Z’, (b) is the Bode plots, where the green 
rectangles are |Z| vs frequency and the yellow diamonds are phase angle vs frequency, 
(c) is the modified Randles cell, and (d) is the exploded view of the high frequency 
Nyquist plot. 
(c) 
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2.4. SEM and EDX Background 
SEM can be used to evaluate the surface characteristics of a material.  SEM has many 
applications due to its ability to provide a topographic image of the sample surface [16].  
Using SEM and EDX the surface condition before and after immersion testing can be 
evaluated. 
An electron gun produces an electron beam with adjustable kinetic energy.  The electron 
beam (Figure 2-11) is focused by electron lenses before bombarding the surface being 
examined.  The beam will remove an electron from an atom.  The response can be in the 
form of an X-ray signal, secondary electron, and back scattered electron.  During the 
process, the atom emits a characteristic X-ray which can be used to identify the material.  
Useful information, such as elemental distribution and composition, can be derived from 
electron beam interaction with the material surface.   
 
The surface condition of the sample is an important consideration in EDX and SEM 












    Sample 
Sample 
holder 
Figure 2-11: The Illustration of How the SEM and EDX System Work 
The electron gun bombarding the sample (clamped in the sample holder) with 
electrons will generate several signals in the form of X-rays, secondary, and back 
scattered electron.  The signals are converted by the software into useful information 




between the charged electron beam and the uneven surface.  The image of the sample will 
be affected by the charging effect since more electrons come out of the surface.  The atom 
will release more electrons if the angle of interaction is greater than 0° causing a charge 
built-up which causes the image to be brighter [17].  Flat and polished surfaces will absorb 
the bombarded electron better and reduce surface charging.  Figure 2-12 illustrates the 
differences between the electron interaction with flat and uneven surface.  Cutting and 
polishing the sample until its surface becomes flat and smooth could solve the charging 
problem.  However, in some cases it is necessary to keep the original condition of the 
tested sample.  Coating the sample with a conductive layer will reduce the charging build-
up of the surface.  However, caution should be taken when interpreting the results.  For 
example, a feature may appear like a pit or hole in an image, but it could be the result of 
shadow effect within the sample.   
 
There are several methods that could be used to improve the results generated by SEM 
examination.  For example, using the back-scattered image rather than secondary image 
could improve the image by removing the grayscale.  Adjusting several experiment 
parameters, such as accelerating voltage, beam current, sample tilt angle, and sample 
position could also minimize the error and improve the result.  The accelerating voltage is 
Figure 2-12: The Signals Generated by Different Surface Topography. 
The thick red arrow is the bombarding electron beam.  The thin black arrow is the 
emitted X-ray, secondary electron, etc.  The pentagon represents the region from 




the potential difference between the filament of the machine and the anode (which is used 
to launch the electron to the surface).  The accelerating voltage needs to be selected to have 
enough energy to eject an electron shell.  It is usually preferable to have sufficient energy 
to penetrate to the K-electron shell of the atom, which is the deepest shell of an atom [17].  
For example, to eject the Kα (7 keV) and Lα (0.7 keV) electron from an iron (Fe) atom,   
15 keV of energy is required to overcome the binding energy of  Kα and Lα of Fe atom and 
generate the Kα and Lα X-rays characteristic of the Fe atom.   
SEM and EDX can provide useful information by converting an electron signal into an 
image.  This tool allows researchers to explore the surface composition and topography of 
















3. LITERATURE REVIEW 
3.1. Molten Chloride 
CuCl is a compound that is commonly used as a desulfuring agent in the oil plants.  
Limited studies are available on molten CuCl corrosion; however, there were several 
studies of other molten chloride salts that can be related to molten CuCl corrosion since the 
chloride ions usually govern the corrosion reaction.  Molten chloride salts have been used 
widely in the nuclear and other industries.  The most common applications that involve 
molten chloride salts are metal reduction for recycling [18] and pyrochemical fuel 
reprocessing [19].  Molten chloride salts also exist as a waste product in coal-fired plants. 
The corrosion reaction that occurs in aqueous solution occurs at a faster rate than for solid-
solid reactions due to ion transport in the electrolyte solution [20].  The aqueous electrolyte 
provides an easier medium for ion transport during the corrosion reaction.  A mechanism of 
corrosion in molten salts is similar to aqueous corrosion.  However, the higher ionic 
conductivity and operating temperature in the molten salt solution will increase the rate of 
corrosion compared to aqueous corrosion [21,22].   
Indacoachea et al. [18] and Shankar et al. [19] indicated that the molten salt corrosion 
reaction in a reducing environment was less aggressive than the reaction in an oxidizing 
environment.  The damage caused by the corrosion reaction in an oxidizing environment 
(the presence of oxygen or moisture) was more severe due to active oxidation. Active 
oxidation is a reaction where the material continues to dissolve because a passive film does 
not protect the surface. On the other hand, passive metals, such as chromium, aluminum, 
and nickel will have a passive oxidation reaction. Passive material have a passive film that 
is stable, hence it will act as protective barrier to prevent the reaction continuing. If the 
passive film is damaged, the corrosion reaction can continue to occur on the exposed 
surface. The noble metal, such as gold and platinum will not corrode due to the stability of 
the metal itself.   
Indacoachea et al. [18] performed an immersion test in molten lithium chloride where the 
exposed sample had three different exposed regions, the immersed area, liquid-atmosphere 




not involve oxygen.  The results suggested that there was more corrosion on the immersed 
area compared to the other exposure areas (the atmosphere exposure and the interface area) 
of the sample.  The ionic transfer between the electrolyte (molten chlorides) and the 
immersed samples during corrosion reaction was governed by the presence of Cl
-
 ion in the 
electrolyte solution.  By comparing the three different areas, it was determined that the 
immersed area was the area that required more in depth analysis since it received most of 
the damage. 
The corrosion product of a molten salt reaction can appear in many different forms 
depending on the environment and condition of the reaction.  The most common corrosion 
forms in molten chloride are uniform corrosion, selective leaching, metal oxidation, and 
dissolution [19].  The corrosion product can also be in the form of a thin layer of salt 
deposit on the surface of the material.  The thin deposit of fused salt film that is the result 
of hot corrosion attack is usually in the form of a mixture of several elements that are 
involved in the reaction.  The thin deposit film that remains on the surface can accelerate 
metal and alloy oxidation [23,24].  Sidhu et al. [23] also provided one example of failure 
that usually occurred by corrosion in high temperature molten chloride, where the 
protective oxide layer was damaged and allowed the molten chloride to gain access to the 
substrate surface.  The molten chloride would react and remained on the substrate surface, 
which increased the damage.  The importance of determining how the penetrating molten 
chloride accelerated the damage on the surface of the sample was highlighted.   
When a reactive metal and the molten chloride react, metal chlorides may be formed due to 
a redox reaction [20].  The metal chloride was a common corrosion product that could be 
seen in the molten chloride reaction.  The recent studies [18,23,24] showed several 
examples of phenomenon that might occur during the molten chloride immersion.                             
The Gibbs free energies for the metal chloride formation will show whether the metal 
chloride will form.  A large negative value of Gibbs free energy of formation indicates a 
large driving force for the metal chloride formation reaction.   
3.2. The High Nickel Metal Alloys 
Nickel is an important metal used in corrosive environments due to its high corrosion 




and heat resistance [26].  These properties make nickel a good candidate material for use in 
structural applications at elevated temperature.  Nickel has been used widely in the 
aerospace industry [25].  65% of the nickel worldwide is used to make austenitic stainless 
steel.  The rest is used to make alloys, for plating, and in foundry products [25,26]. The 
nickel content in an alloy is often increased to improve strength and oxidation resistance 
[26].  By increasing the nickel content in an alloy, the performance in high temperature 
chloride environments is improved [26].  The chloride corrosion process at high 
temperature is usually governed by the formation and stability of the chloride itself.  The 
chloride of nickel is relatively stable and as a result, there is less corrosion on the surface of 
the metal [26].  Alloys with high nickel and chromium content usually have a good 
corrosion and high temperature oxidation resistance [24].  There are many applications, 
such as fuel fired boilers, waste incinerators, and electric furnaces that use high nickel 
alloys [24]. 
High temperature corrosion performance of an uncoated metal is often determined by the 
characteristics of the passive film formed on the surface of the metal during exposure.  
Alloys with high nickel content show high corrosion resistance in molten chloride 
environments and are regularly used for high temperature applications [27].  There are 
several nickel based alloys and stainless steels with high nickel content used in the molten 
chloride environment.  Shankar et al. [28] suggested that the high nickel alloy, Inconel 625 
(56Ni 23Cr 10Mo) performed well in molten chloride due to the enrichment of chromium 
and molybdenum elements in the passive film that was developed during the immersion 
test.  However, it was the nickel that contributed to the material increasing corrosion 
resistance.  Shankar et al. [28] also suggested that the alloy with higher nickel content 
suffered less attack and damage compared to other carbon steel or lower nickel content 
alloys.   
Indacochea et al. [18] studied high temperature corrosion of steels by molten chloride. This 
suggested that oxidation of iron and steel was strongly accelerated by the presence of 
chlorides because the passive layer did not provide enough protection, hence corrosion 
occurred.  Shankar and Mudali [19] indicated that a stainless steel alloy with low nickel 




exposure.  Shankar and Mudali [19] also pointed out that the stainless steel passive film 
pore size increased with the duration of the exposure.  It was discovered that the molten 
chloride tended to diffuse through cracks and pores of the passive layer and react with the 
substrate.  There was some iron chloride (FeCl2) found in the surface of the stainless steel 
that was exposed to molten chloride. In contrast, the corrosion of a high nickel alloy 
covered by a molten chloride deposit was less severe than the corrosion of iron [28].  The 
change in Gibbs free energy (  ) and the partial pressure of the metal chloride played an 
important role in determining which metal was likely to react with the molten chloride. 
Formation of nickel chloride (NiCl2) has a less negative    compared to formation of iron 
chloride (FeCl2) which means that the iron element is more likely to react with molten 
chloride to form FeCl2 during the immersion test [20].  The nickel passive film (NiO) has a 
great resistance to dissolution in the molten chloride hence provided prolonged protection 
during the immersion test. 
Shankar and Mudali [19] observed an interesting dissolution process which is shown in   
Figure 3-1.  The results indicated that there was chromium depletion based on the cross-
section of the immersed sample following exposure to molten chloride salt.   
 
Figure 3-1: Cross-section SEM Image of Stainless Steel Alloy to Exposed Molten 
Chloride. 
(A) shows a chromium-rich region. Region (B) show void due to depleted chromium, 





They concluded that the depletion process involved the dissolution of chromium from the 
surface which left a void in the sample film structure and formed a chromium compound on 
the top of the sample [19].  Based on their results, they suggested selective dissolution was 
one of the characteristic of a molten chloride attack where a particular metal element 
preferentially dissolves in that environment compared to other metal elements.  The 
performance of an alloy in a molten chloride salt is determined by the characteristics of the 
metal passive film and the corrosion resistance of the material.  The metal chloride that 
remains on the surface could accelerate the damage and corrosion attack.  The alloy with 
higher nickel content showed promising performance when exposed to molten chloride.   
 
3.3. The Metallic and Ceramic Coatings 
There are several metal alloys that show good performance when exposed to a molten 
chloride salt environment [28].  However, it is unlikely that any alloy can resist hot 
corrosion attack (particularly in the presence of an aggressive agent such as molten 
chloride) for a long exposure time.  A thermal barrier or high temperature coating can be 
used to protect the underlying surface so that the part can last longer in the high 
temperature corrosive environment.  The need for a protective coating to protect the 
underlying surface is growing since higher temperature applications have also increased 
greatly in industry. 
A coating is applied for several reasons such as, improving the corrosion resistance, 
providing a thermal barrier for high temperature environment, and wear resistance.  There 
are different types of coating methods that can be categorized based on the how the coating 
is deposited.  The most common coating methods used in industry are physical vapour 
deposition (sputtering, electron beam, cathodic arc, and ion plating), electrochemical 
deposition (sol-gel, electroplating, and anodizing), and thermal spray [23].  Each coating 
method has its advantages and disadvantages.  Compared to the other methods, thermal 
spraying has a higher deposition rate and has been widely used in the industry [3,23].  The 
thermal spray method also allows the material to stand free during spraying process, which 




There are several different thermal spraying methods available in the industry, such as 
HVOF, APS, and vacuum plasma spraying (VPS).  The different methods are divided 
based on the source of heat and the gas used to spray the coating powder [23].  However, 
one similarity between the different methods is the way the coating is sprayed.  The coating 
materials (can be in the form of refined powder or metal rod) are placed in a feeder and are 
heated.  The molten material then is converted into particles using high velocity stream of 
gases, plasma or compressed air and then sprayed onto the material to be coated [3,23].  
HVOF and APS are commonly selected due to the ability of both methods to produce a 
coating with low porosity and good quality [23,29].   
The quality and strength of the sprayed coating is determined by its microstructure and 
composition, adhesiveness, hardness, and porosity [8,23].  The existence of pores and 
micro-cracks can provide a pathway for corrosive substances to penetrate into the protected 
substrate.  The quality of the coating can also be affected by the other spraying process 
parameters such as, the powder spraying feed rate and distance, the spraying temperature, 
the type of fuel used, and the particle size distribution [23]. 
Bond Metallic Coating 
A bond coat is applied to provide a rough surface to improve the mechanical bonding 
during top coating application [24].  The bond coat also serves the same purpose as the top 
coating which is protecting the underlying alloy substrate from high temperature oxidation 
and corrosion.  The bond coat can minimize the effect of different coefficients of thermal 
expansion between the substrate and top coat material [23].  The different coefficients of 
thermal expansion will create problems during the cooling and heating process, since the 
coating might crack and be damaged.   
Uusitalo et al. [20] suggested that HVOF coating have better coating density than arc spray 
coating.  The better coating density means that an HVOF coating will offer better corrosion 
resistance since it has fewer voids, oxide, and splat boundaries that are usually susceptible 
to attack.  The molten chloride salt has a tendency to attack surface defects.  Usually both 
porosity and microcrack splat boundaries form an interconnected network in the coating 




the coating and form a corrosion product underneath the coating.  This could decrease the 
bonding strength and allow attack of the underlying surface.   
Porosity is an important parameter that determines various properties of thermal barrier 
coatings, e.g., thermal shock and thermal cycling resistance.  HVOF, known for its low 
porosity, has the quality of improving the erosion and corrosion resistance of a part used in 
industrial plants when high temperature and a corrosion environment are encountered 
[23,29,31].  Ni-based alloys are usually a popular material for HVOF bond coating since Ni 
alloy has a good corrosion resistance [23,29].   
Top Ceramic Coating 
The APS coating method can apply coatings with a wide range of thickness and good 
mechanical properties [24].  However, problems that could arise are poor adhesion and 
porosity, especially when joining two different types of materials, such as ceramics and 
metals.  The use of a smaller particle size powder or a bonding coat will improve the 
adhesion and quality of the top ceramic coating.   
Yttria Stabilized Zirconia (YSZ) has been used for an insulating top coat because of its low 
thermal conductivity and high thermal expansion coefficient, which closely matches the 
majority of high nickel content alloys [30].  Matching the coefficients of thermal expansion 
values for the YSZ coating and the underlying metal reduces the possibility of damaging 
the coating during cooling and heating process.  Shankar et al. [19,31] found that samples 
coated with thermal plasma YSZ sprayed coating performed well in molten LiCl-KCl, 
indicated by minimal damage experienced by the coating and underlying metal.  The visual 
observations indicated that there was no accelerated corrosion on the APS coated metal 
after several immersion periods [19].  In contrast, the uncoated sample showed damage on 
the surface of the sample that was worse as the exposure time was increased.  The weight 
change measurements also indicated the same trend [19]. 
3.4. EIS and SEM Correlation  
EIS can provide an indication that materials were actually damaged or corroded.  In the EIS 
method, a circuit model is used to fit the EIS data and represent the surface condition.  




each of those circuit models is the correct representation of the surface.  Ex-situ surface 
analytical methods, such as SEM and EDX are required to validate the analysis gathered 
from the EIS test.  Zhong and Desai [15] correlated EIS results (Figure 3-2a) and cross-
section SEM images (Figure 3-2c) of the sample: the equivalent circuit (Figure 3-2b) was 
selected to represent the surface condition of the tested material.  The cross-section SEM 
image showed the microstructure and the many different layers on the sample.  
 
A suitable circuit representation for the EIS spectra is approximated.  The Bode plot given 
in Figure 3-2 suggested that there were three time constants in the system.  Each of these 
time constants (τ=RC) was represented by a combination of a resistor and capacitor electric 
circuit element (R-C network).  This equivalent circuit used has been described in the 
established literature [15].  The pores and defects in the coating are represented by a 
capacitor (Cp) and a resistor (Rp) in parallel, as can be seen in Figure 3-2b [15].  The 
equivalent circuit that represents the sample consists of a resistor in series with a node for a 
network of a capacitor in parallel with resistor.  The resistor in the node is in series with 
another node also consisting of an R-C parallel circuit.  Another R-C parallel node is 
connected in series with the node as shown in (Figure 3-2b).   
(a) 
Figure 3-2:  The EIS and Cross-section SEM Results of a Tested Material. 
In (a) the Bode plot of the EIS experiment; (b) the SEM image of the material cross-
section, and (c) the equivalent circuit model to represent the material condition.  All 






The equivalent circuit could be correlated with the Bode plot by looking at the peaks of the 
plot.  The first peak was interpreted as the coating capacitance (the arrow on the right) 
occurring at high frequency [12].  The second peak was interpreted as the pore capacitance 
of the materials (occurring at mid-range frequency).  The last peak was the electrode 
double layer capacitance.  Each of these capacitors in parallel with a resistor are consistent 
with the resistance plateaus seen in the Bode plot (Figure 3-2a).  The horizontal line at the 
lower frequency represents the solution resistance.  The Rc-Cc node (Figure 3-2b) 
represents the top coating matrix and the Rp-Cp node represents the porous surface of the 
coating [15].  The Rt-Cd node (Figure 3-2b) was attributed to the interface between the 
materials and the electrolyte.  The Rs represented the solution resistance.  Each of the 
elements were associated with an actual physical condition of the material and the values 
used to indicate surface changes or damage to the tested material [15].  Each of the R-C 
networks was a representation of a surface in the sample.  Zhong and Desai [15] used both 
EIS and SEM results to support each result and determined the actual surface condition of 















4.  EXPERIMENTAL SECTION 
4.1. Materials and Supplies 
4.1.1. Chemicals Used and Sources 
There were several chemicals that were used during the immersion and EIS test. Sodium 
Chloride (NaCl) powder was used to make up the electrolyte for the EIS experiment before 
and after immersion test.  The ACS reagent grade NaCl powder (≥ 99.0%) was purchased 
from Fisher Scientific.  The concentration that was used was 3.55 w/V%.  The 3.55 w/V% 
was made by dissolving 17.750 ± 0.001 g of NaCl in distilled water in 500 ml volumetric 
flask.   
Cuprous chloride (CuCl) powder was used as the exposure solution where the candidate 
materials were immersed during immersion testing.  CuCl (Reagent Plus®, purity,              
≥ 99.0%), a green-grey powder, was purchased from Fisher Scientific.  The CuCl powder 
was stored in the oven at 80 °C prior immersion test to remove the moisture from the 
powder (drying purposes).  
Ethylenediamine tetraacetic acid (EDTA) was used as a cleaning agent to dissolve the CuCl 
left on the surface of the immersed samples.  EDTA is a chelating agent purchased from 
Fisher Scientific. The 2 g of EDTA was dissolved in 1 L of distilled water in 1.5 L beaker. 
To dissolve the solidified CuCl from the surface of the sample faster, the saturated EDTA 
was used at 80 °C and the solution stirred at 75 rpm. 
Concentrated Hydrochloric acid (HCl) was used as a cleaning agent to dissolve the 
solidified CuCl that remained in the crucible and immersion vessel.  The concentrated HCl 
(Reagent, 32 wt %) was purchased from Fisher Scientific. Potassium chloride (KCl) was 
used as a filling solution of the reference electrode.  The saturated KCl filling solution was 
purchased from Princeton Applied Research to refill the AgCl reference electrode.   
Sodium Bicarbonate (NaHCO3) ACS grade powder, purchased from Sigma Aldrich, was 
used to make the scrubber solution.  The solution was made by dissolving sodium 
bicarbonate (390 g) in 4.5 L distilled water.  The solution was used to neutralize the 




Diamalloy 4006 is a nickel based amorphous alloy. Diamalloy 4006 powder was purchased 
from Sulzer Metco. The elemental composition of Diamalloy 4006 is given in Table 4-1.  
Alumina, known as Metco 101NS (Al2O3 3TiO2) was purchased from Sulzer Metco in the 
form of powder.  YSZ, known as Metco 143 (ZrO2 18TiO2 10Y2O3) were purchased from 
Sulzer Metco in the form of powder.  The Alumina and YSZ powders were sprayed into the 
sample.   
Table 4-1: Material Compositions for Inconel 625, stainless steel AL6XN, and Diamalloy 
4006    [32, 33, 34]. 
Sample Cr Ni Mo Co Cb+
Ta 
Ti Fe Mn Si F Cu W N 
Inconel 
625 
23 56 10 1 4.15 0.4 5 0.5 0.5 - -  - 
SS 
AL6XN 




20 56 9 - - - -   1 4 10  
 
Argon (ultra high purity~99.99%, oxygen content less than 3 ppm) gas was used for 
deareating the electrolyte during EIS experiment.  Nitrogen (ultra high purity~99.99%, 
oxygen content less than 3 ppm) gas was used for deareating the electrolyte during the 
immersion test.  Both gases were purchased from Praxair. 
4.1.2. Metal Samples 
Two selected base metals were Inconel 625 and stainless steel AL6XN.   Inconel 625 (a 
high nickel alloy) and stainless steel AL6XN (ferrous alloy) were purchased from Rolled-
Alloys-Canada, Inc. as a round bar (31.75 mm diameter and 500 cm long).  The elemental 
composition of Inconel 625 and AL6XN were given in Table 4-1.  Further preparation of 





4.1.3. Materials Used 
The Materials List for EIS Test 
The Ag/AgCl (in saturated KCl solution) standard reference electrode (0.22 V vs. SHE), 
purchased from CH Instrument was used for EIS test.  The counter electrode used for EIS 
test was platinum mesh (99%) that was purchased from Princeton Applied Research.  A 
chemical and corrosion resistant solution bucket was used to contain any spill or leakage 
that may occur while tilting the cell to switch/change the sample between EIS tests. The 
solution bucket was made of polypropylene and was purchased from Bel-Art Product.  A 
rubber O-ring (Canadian tire) was installed to prevent leakage at the cell opening where the 
tested sample was exposed to the electrolyte.   
The Materials List for Immersion Test 
The body and the lid of the immersion test vessel (ITV) and the condenser were made from 
fused quartz.  The crucible that was used to contain the molten CuCl was also made of 
fused quartz.  The list of the parts made of fuse quartz is given in Table 4-2.  There were 
several parts of the immersion test apparatus that were made of stainless steel 316 (SS316).  
The main parts are listed in Table 4-3. The detailed specifications for the ITV, the 
condenser, and the scrubber are given in Appendix 1. The round plate and metal tubing for 
the lid of the scrubber were welded together at Universal Machinery Development Inc., 
Toronto.  The 495 mm long metal tubing was bent to make an L-shape before being welded 
to the round plate.  The other SS316 standard parts for the immersion test apparatus that are 
not listed in Table 4.3 (T-connection, metal tubing, coupler, and other parts) were also 
purchased from Metal supermarket and Brafasco.   
The gasket used to seal the immersion testing vessel and the lid was made of Hypalon, a 
chlorosulfonated polyethylene synthetic rubber purchased from Speciality Gasket Inc. To 
create a gas-tight seal, a Viton O-ring was used on the ball joints of the ITV and the 
condenser.  A low density polyethylene hose was used to connect the condenser with the 






Table 4-2: The Parts List for Fused Quartz Material. 
Part Dimensions Company 
ITV body vessel 200 mm OD (flange)  x 210 mm tall Advalue Technology 
ITV Lid socket 18 mm OD x 7 mm ID x 87 mm tall 
GM Associates 
ITV Lid’s plate 200 mm OD x 5 mm thick 
Condenser body vessel 200 mm OD (flange)  x 170 mm tall Advalue Technology 
Condenser lid socket 18 mm OD x 7 mm ID x 87 mm tall 
GM Associates 
Condenser lid’s plate 200 mm OD x 5 mm thick 
50 mL Crucible 46 mm OD x 54 mm tall Advalue Technology 
 
Table 4-3: The Part List for SS316 components. 





¼” threaded rod 6.35 mm OD x 170 mm long 
Brafasco 
⅛” threaded rod 3.17 mm OD x 200 mm long 
¼” plate 128 mm x 128mm x 6.35 mm thick 
¼” nuts 12 mm OD 
¼” bolts 3.17 mm OD x 20 mm long 
ITV and 
condenser 
Metal tubing ball 
joint 





Round plate 180 OD and 5 mm thick 
Metal 
Supermarket 
Metal tubing 8 mm OD and 110 mm long 
Metal tubing 8 mm OD and 495 mm long 
 
The Materials List for SEM and EDX 
The Epoxy (EPOXIDE or EPOXICURE™ Resin) and hardener (EPOXIDE or 
EPOXICURE™ Hardener) were purchased from Buehler Canada and were used to create 
an epoxy puck to hold the sectioned sample.  Epoxy was used to ensure that the cross-




paper was used to polish the samples.  The different grit size polishing papers (average grit 
size of 9-80 μm) were purchased from Ted Pella, Inc.    
4.1.4. Personal Protection Equipment 
There are several pieces of personal protective equipment that must be worn while handling 
the chemicals during the experiment.  The personal protection equipment was categorized 
into high temperature and room temperature protection sets.   
High Temperature Protection Set 
The majority of the operations for the immersion test were done inside the fume hood.  
However, high temperature protection must still be worn during operations that involve a 
high temperature exposure, such as, filling the crucible with CuCl powder, any material 
handling during the course of the immersion test, and post-immersion cleaning process.  
The high temperature protection set consists of high temperature gloves (Fiberglass high 
temperature gloves from Fisher Scientific), latex gloves, laboratory coat, face shield, and 
respirator.   
The immersion test preparation required the operator to fill a crucible with CuCl powder 
that was stored in an oven at 80 °C.  While handling any parts of the immersion test 
apparatus (including the use of lifting and turning device) the operating temperature of the 
apparatus was at 500 °C.  The post-immersion cleaning process included dissolving the 
remaining CuCl on the sample using saturated EDTA solution at 80 °C.  In these three 
operations the entire set of high temperature protection was worn.   
Room Temperature Protection Set 
Room temperature protection was worn while handling chemicals at room temperature.  
The room temperature protection set includes latex gloves, laboratory coat, and chemical 
safety glasses.  The chemical handling performed at room temperature includes cleaning 
the ITV and crucible using concentrated HCl solution, refilling the reference electrode 
solution (saturated KCl), making the scrubber’s solution, and making the 3.55 w/V% NaCl 
for EIS test. Except for making the 3.5 w/V% NaCl solution, the operation must be done in 




4.2. Equipment  
The equipment includes the EIS and SEM/EDX equipment. A potentiostat was used to 
control the potential during the experiment.  SEM and EDX were used to characterize the 
microscopic images and the distribution of elements on the surface of the sample before 
and after the immersion test.   
4.2.1. EIS Equipment 
The potentiostat selected for EIS testing was the VersaSTAT 3 (Figure 4-1) which was 
purchased from Princeton Applied Research.  The VersaSTAT 3 has a built in FRA 
(Frequency Response Analyzer) capable of measuring the impedance in the frequency 
range of 10 μHz to 1 MHz.  The wide range of frequency signals which are also generated 
by the FRA via potentiostat, allowed different phenomena to be observed.  The voltage 
compliance of the VersaSTAT 3 is ± 12 V, and the current range is 1A to 200 nA.  The 
accuracy of applied potential is ± 2 mV.  The detailed specification is given in Appendix 2. 
The potentiostat has an USB interface to permit the use of a laptop or computer to control 






Figure 4-1: The Setup of EIS Test Apparatus 
The EIS apparatus consists of potentiostat (the left) connected to the electrochemical 
cell by the instrument cables. The gas tubing used for purging the Argon is connected 





The EIS experiment was controller using VersaStudio 3 from Princeton Applied Research.  
The EIS data generated were analyzed using two fitting software packages, Zsimpwin 3.21 
(Princeton Applied Research) and Zview 3.2a (Scribner Associate Inc.).   
4.2.2. Immersion Equipment 
A heating mantle purchased from Glas-Col can heat up to 650 °C, exceeding the 
temperature requirement of 500 °C.  The heater has soft fabric fibreglass in the heating 
interior to minimize any thermal shock and damage to the heated vessel.  The heater has a 
controller with a thermocouple that was located inside the heating mantle to control the 
working temperature of the heater.  The controller used for the heating mantle only had a 
one way feedback (the temperature of the heater) from the thermocouple placed inside the 
heater.  When the temperature outside the mantle reaches the set temperature (e.g., 520 °C), 
the controller stops continuous heating and maintains the temperature.   
4.2.3. SEM and EDX Equipment  
Two instruments were used to perform SEM and EDX examinations.  A JEOL JSM, at 
UOIT was used to survey the samples surface and identify significant spots for detail 
analysis.  A Hitachi S4500, at University of Toronto was used perform SEM and EDX 
analysis of selected spots, identified by the survey examination.   
4.2.4. Sample Preparation Equipment  
The sample was coated with carbon before SEM examination to improve conductivity of 
the surface during SEM and EDX examination.  Carbon was sputtered into the surface of 
the sample by an electro-deposit method using a carbon coater 108 Carbon/A from 
Cressington Scientific.  A slow speed saw, Brilliant 221 (from Clemex Technology), was 
used to cut the specimen.  The saw has a 20 cm x 14 cm feeder table with a vise for 
clamping the sample and used a water coolant to cool the surface of the material that is 
being cut.  The saw has 20 cm diameter diamond blade with adjustable speed from 400-
6000 rpm.  The table feed rate can be adjusted between 0.1 and 99 mm/minute.   
A grinder, XP 8 grinder from Ted Pella Inc, was used to improve the quality of the cross-




attached to the polishing wheel using adhesive disc tape.  The grinder has an adjustable 
speed control of 80-2000 rpm for optimizing the grinding or polishing process. 
 
4.3. Apparatus 
4.3.1. EIS Test Apparatus 
4.3.1.1 EIS Test Apparatus Description 
An electrochemical cell (e-cell) was used for the EIS experiments.  The e-cell was a Flat 
cell K0235 purchased from Princeton Applied Research.  The e-cell used a standard three 
electrode setup, with a counter (Figure 4-2a), reference (Figure 4-2b), and working 
(Figure 4-2c) electrode.  The reference electrode was an Ag/AgCl (in saturated KCl 
solution) standard reference electrode (0.22 V vs SHE) used as a reference point for the 
potential measurement. All potentials quoted in this work are relative to Ag/AgCl (in 
saturated KCl solution). The working electrode was the material tested.  The counter 
electrode (platinum mesh) was needed to ensure that the current can flow through the 










Figure 4-2: The Electrochemical Cell for EIS Tests. 
The cell setup consists of (a) counter electrode, (b) reference electrode, (c) working 
electrode (tested material), (d) inlet gas for aeration purposes, (e) luggin capillarity, 





The cell had an inlet tube (Figure 4-2d) to allow the cell interior to be purged with inert 
gas, Argon (ultra high purity~99.99%) during the EIS test.  The electrolyte used for the EIS 
tests was 3.5 w/V% NaCl.  The opening or exposure area of the working electrode was       
1 cm
2
.  The sample total surface area (8 cm
2
) was larger than the exposed area allowing 
several different areas of the sample to be tested.  The surface area of the counter electrode 
was 6 cm
2
.  The distance from the working to counter electrode was 80 cm.  The cell could 
contain up to 250 mL of a solution.  The luggin well for the reference electrode could 
contain up to 5 mL solution. 
4.3.1.2 EIS Test Apparatus Assembly  
The Flat cell K0235 is designed to work with any flat sample.  Normally the working 
electrode or sample is suspended while being exposed to electrolyte.  The samples tested in 
this work did not have any holes for suspending the sample because holes are undesirable 
for maintaining the integrity of the coating applied to the surface of the metal.  The Flat cell 
K0235 allowed the EIS test to be performed without having to suspend or create a hole in 
the sample.  The cell has an opening (Figure 4-3b) at one end for the sample to contact the 
electrolyte.  
 
Figure 4-3: The Setup for Clamping the Sample onto the Cell. 
Picture (a) shows O-ring placement on a corroded sample, (b) the setup for clamping 
a sample onto the cell. 
Exposed  area 
The o-ring 
The opening 













During the EIS test, only a portion of the sample was exposed to the electrolyte (Figure     
4-3a).  The sample was clamped by tightening the clamp holder (Figure 4-5b).  The 
reference electrode was placed in the luggin well and the counter electrode was placed at 
the other end of the cell.   
4.3.2. Immersion Test Apparatus 
A corrosion testing apparatus was needed to evaluate the corrosion performance of 
materials in an environment similar to a Cu-Cl hydrogen plant.  The candidate materials 
were immersed in molten CuCl at elevated temperature (500 °C) for an extended period of 
time (100 h) to study the effect of molten CuCl exposure.  This section includes the design 
requirements and material selections for the immersion apparatus.  The design, assembly, 
operation, and fault analysis of the immersion apparatus are also included in this section.   
4.3.2.1. Immersion Test Apparatus Design Requirement 
An apparatus was required for safe testing at 500 °C, for long, uninterrupted times without 
any supervision.  The exposure conditions were used as limiting factors for the design 
process so that the immersion test would not fail due to equipment breakdown.  The 
apparatus must not pose hazard to the operator, the laboratory, or nearby personnel.  An 
ASTM standard [35] for a typical laboratory setup for immersion testing (including 
exposure conditions) was used as a guideline for designing the apparatus.   
The operating requirements are the conditions that needed to be met to ensure an 
immersion test could achieve the project objectives.  Constraints are intended to make sure 
the experiment can be conducted safely.  The design requirements for the immersion test 
apparatus were based on the operating requirements and constraints associated with the 
experimental process.  Both operating requirements and constrains usually intersect during 
design process.  Therefore, an apparatus had to be designed in a way that both factors could 
be met.  The immersion test apparatus requirements that were developed are listed below.   
1. The test vessel must contain the molten CuCl test solution.  The materials that will be in 
contact with the CuCl must be chemically inert, must not react with the molten CuCl 





2. The vessel needs to be sealed, must not leak, and must prevent other gaseous impurities 
from entering the system.  The parts requiring attention were the joint between lid and 
body of the vessel, and the joint between the tubing and pipe connection.  Eliminating 
the presence of unwanted gas is important since the experiment must be performed in 
an inert condition.  Unwanted gas could interfere with the reaction during the sample 
exposure, which can affect the corrosion reaction.  For example, if oxygen was 
introduced due to a leak, it could react with the surface of the material being tested.  
The reaction between oxygen and a metallic surface at high temperature can create an 
oxide layer, hence the surface condition of these samples will be different than the 
condition of the sample that does not have oxygen in the system.   
 
3. The lid of the immersion vessel must have several insertion points for outlet and inlet 
pipes, a thermocouple, and connecting pipes.  The system must have a gas inlet and 
outlet for the inert gas to be introduced into the vessel during the experiment.  It was 
important to maintain the same flow and atmospheric condition for all the experiments 
so that errors caused by a non-uniform condition could be eliminated.  Temperature is a 
factor that must be maintained consistently for every experiment.  A thermocouple was 
required to measure and monitor the temperature inside the immersion vessel.  
 
4. The sample surface condition must be maintained after immersion so that it can be 
analyzed to determine the effect of immersion test.  When the exposure period was 
reached, the apparatus was cooled down before taking out the material tested.  
However, when the vessel cooled down, the molten CuCl solidified and remained on 
the surface of material tested.  The solid CuCl could not be removed mechanically since 
it damaged the surface of the material tested.  Opening the immersion vessel to remove 
the sample from the molten CuCl during the experiment would have created several 
problems.  It would have been dangerous for the operator to handle molten CuCl and an 
immersion vessel at 500 °C.  Introducing room temperature by opening the lid during 
experiment would have accelerated the cooling process.  A sudden temperature drop 
could change the material properties and might have cracked the coating.  The 
apparatus must have a mechanism that allows the operator to lift the sample while the 




material.  The mechanism must provide the operator with access to move the sample 
from outside the immersion vessel and not interfere with the experiment is progress.   
 
5. The heating system must have the ability to heat the outer side of the vessel to higher 
than 500 °C to compensate for the thermal gradients and heat lost during heating 
process.  The immersion vessel must have an insulation system so that heat loss can be 
minimized.  A heating controller was required to control and monitor the inside 
temperature of immersion vessel to maintain a constant temperature for each 
experiment.   
The design requirements for the immersion apparatus were intended to ensure that the 
immersion test could be run according to the desired conditions and minimize experimental 
variability for different samples.  However, the experimental design should not only cover 
the factors that will ensure the experiment is performed accurately, but also cover factors 
for the experiment to be performed without creating any hazard or threat to the laboratory 
and its surrounding.  Design constraints for immersion test safety were: 
1. The experiment required a material that can withstand the heating process.  The 
material needed good thermal shock properties so that it would not crack during the 
heating and cooling process.  A crack in the molten CuCl container and immersion 
vessel could allow the molten chemical and the gaseous waste to escape to the fume 
hood and laboratory.   
 
2. The system required a pressure relief device.  An inert gas flows into the immersion 
vessel and pressure could develop in an unexpected situation, such as clog in one of the 
pipes or joints, and pressurize the immersion vessel.  It was important to have the right 
rating for pressure relief so that the release valve could bleed the purged gas before a 
high pressure build-up could compromise safety. 
 
3. The heating system needs an electrical safety device that will ensure the heater runs in a 
safe manner with minimal supervision.  The heating system used to heat the immersion 




length of the experiment.  Since the immersion test ran continuously for 100 h, there 
were times that the apparatus was unattended.  If a heating malfunction occurred, the 
apparatus could have overheated and cracked the vessel.   
 
4. The system must cool the exhaust gases so no hot gaseous waste is purged into the 
water-based scrubber.  Hot gas fed into water may raise the temperature and introduce 
steam to the system.   
 
5. The system requires a scrubber in the system to neutralize the gaseous waste and 
unwanted chemicals transported by the purge gas.  The complete immersion system 
was placed inside a fume hood, but a scrubber was still required to ensure that the 
experiment was not expelling chemical gas waste into the fume hood.   
Safety must be prioritized because neglecting it will harm the operator and other laboratory 
personnel. 
4.3.2.2. Immersion Test Apparatus Material Selections 
Material selection is an important part of the apparatus design.  Material performance 
affects the progress and safety of the experiment.  If a material fails, the experiment is 
affected and a hazard to the laboratory and its surrounding is created.  It is important not to 
overdesign the apparatus because there is usually a high cost involved.  The material 
selections were divided into two categories, direct exposure and indirect exposure to 
molten CuCl. 
Materials for Direct Exposure 
The material selection for parts exposed to molten CuCl must ensure the immersion test 
can be performed safely.  The parts of the immersion test that were directly exposed to the 
molten CuCl during immersion testing were the crucible containing the molten CuCl and 
the ITV.  Figure 4-4a is a chart ranking different materials based on the maximum service 
temperature, while Figure 4-4b it is a ranking of the electrical resistivity.  The maximum 
service temperature is an important feature for safe use at 500 °C.  The resistivity of the 




the vessel.  The materials with lower resistivity values are conductive materials which 
make heating faster.   
 
Looking at the chart of maximum service temperature (Figure 4-4a), metals and alloys, 
glasses, and ceramics are possible materials for use at 500 °C.  Metals and alloys have 
smaller resistivity values compared to the other material.  The small resistivity value means 
that the metals and alloys are good conductor which will be excellent for transferring the 
heat from the heating element to the inside of the vessel.  However, metals and alloys may 
not be chemically inert and there is a possibility of reaction with CuCl, which may interfere 
with the results of the immersion tests.   
Graphite, a refractory material, is also a good candidate for the vessel.  The maximum 
operating temperature and melting point of graphite are high enough for operation at       
500 °C.  Graphite is inert and can withstand severe corrosive conditions.  However, 
graphite is a porous material.  The vessel is to be used several times and will require a post-
immersion test cleaning.  The porosity of graphite may create a problem during cleaning 
(a) (b) 
Figure 4-4: Properties of Candidate Materials for the Test Apparatus. 
The charts are based on (a) maximum service temperature and (b) resistivity. The 





because the molten CuCl might penetrate into the porous layer and solidify during the 
cooling process.  To maintain a consistent condition for each experiment, the immersion 
vessel needs to be cleaned prior to immersion test.  Residual CuCl in the vessel will change 
the conditions of experiment.  This could create inconsistencies over the course of the 
experiments. 
Ceramics and glasses are inert materials and both materials have a high resistivity (good 
insulators).  The required heat can be eventually transferred to the inner part of the vessel 
by continuously heating the materials for extended times.  Borosilicate glass, a typical 
material used for laboratory glassware, has a maximum working temperature of 500 °C.  If 
a borosilicate glass is heated to its maximum working temperature for an extended period 
of time, it will get soft.  The material data sheet for borosilicate glass indicates that the 
material can only be subjected to 500 °C for several minutes [37].  If borosilicate glass is 
selected for immersion test vessel and subjected to 500 °C for 100 h, it will melt due to 
excessive heat and creates a hazard by allowing the molten CuCl to escape.  Ceramics 
could be a perfect candidate for the vessel and lid because of their high service temperature 
(>1000 °C).  Fused quartz, a type of glass-ceramic, can operate at 500 °C for an extended 
period of time. 
Fused quartz is usually manufactured by purifying and melting natural crystalline quartz.  
Fused quartz is a good material candidate for high temperature application.  The softening 
point of fused quartz is 1730 °C, while the maximum service temperature is 1200 °C [38].  
The fused quartz maximum service temperature is much higher than the immersion test 
operating temperature (500 °C) and so it will withstand 500 °C for extended periods of 
time.  The thermal expansion of fused quartz is also considered low, which means the 
vessel body will not expand much during heating.  Fused quartz has a 99.99% SiO2 purity 
which means it is an inert material, eliminating the concern of the vessel material reacting 
with the CuCl.  Fused quartz is a good candidate material for any part of the immersion 
apparatus in contact with CuCl.  Fused quartz was selected for both the vessel where the 






Material Selection for the Unexposed Apparatus 
Other parts of the immersion test apparatus that are not directly in contact with molten 
CuCl and high temperature can be made of materials with a lower operating temperature.  
The parts of the immersion test apparatus that are not directly exposed to molten CuCl are 
the pipe connections between joints, sample holder, O-ring, gasket, and scrubber. 
The immersion test heat source is the heating mantle, which only covers half of the 
immersion test vessel.  The operating temperature on any parts above the heating mantle 
will be lower (~ 100 °C) due to heat lost.  All of the pipe connections between the joints 
and the sample holder can be made out of stainless steel since the pipes are far from the 
heat source and molten CuCl.  The gasket used to seal the immersion testing vessel and the 
lid was made of Hypalon.  Hypalon has maximum operating temperature 140 °C which 
means it is safe to use Hypalon since the operating temperature on the lid does not exceed 
the limit.  The scrubber body was made of borosilicate glass since the operating 
temperature of the scrubber was at room temperature.  The lid of the scrubber was made of 
SS316 because it was easier to couple metals than glass and metal.  The majority of the 
immersion test apparatus was constructed of fused quartz and SS316.  Other materials 
selected for other parts were teflon, synthetic rubber, and polyethylene.  The complete list 
of the material selected for each component of the immersion test apparatus is given in 
Appendix 3.   
4.3.2.3. Design of Immersion Test Apparatus  
The immersion test system consisted of a heating system and three different vessels.  The 
heating system consisted of a temperature controller, heating mantle and thermal cut-off 
system.  Each of the three vessels had a different function.  The ITV (Figure 4-5a) was 
where corrosion testing of the candidate material was performed by immersing a specimen 
in molten CuCl.  The condenser (Figure 4-5c) was for cooling the hot purge gas.  The 
scrubber (Figure 4-5d) was for neutralizing the gaseous waste before releasing it to the 





The Immersion Test Vessel  
The ITV was built to comply with ASTM G31 for laboratory immersion testing [35].  The 
ITV consisted of two parts, the lid and body which were both made of fused quartz.  The 
ITV lid had three insertions for: a thermocouple (Figure 4-5e) to monitor the working 
temperature inside the immersion vessel; exhausting the hot gaseous through the 
connecting pipe (Figure 4-5f); and deaerating the atmosphere through the inlet gas, a 
pressure relief device, and a lifting and turning mechanism (Figure 4-5g).   
In the ITV, two important components were installed to fulfill safety requirements and 
overcome other limitations encountered during the development of the experimental 
procedure.  A lifting and turning device was designed to overcome difficulties encountered 
during post-immersion sample cleaning.  A pressure relief device was installed in the ITV 










Figure 4-5: The Immersion Test Apparatus Setup. 
 
The immersion test apparatus consists of (a) ITV, (b) heating mantle, (c) condenser, 
(d) scrubber, (e) thermocouple, (f) connecting tubing, (g) inlet for gas, pressure relief, 
and rod for lifting and turning, (h) lifting and turning device (i) tubing for the gas 






The lifting and turning device had an essential role in the immersion test.  Maintaining the 
surface condition was important because examination of the surface of the material 
provided the information needed to assess the stability of the metal or coating.  If the 
sample was not retrieved from the molten CuCl before cooling, the sample remained in the 
solidified CuCl after it was cooled down.  The solidified CuCl was difficult to remove.  
Using a mechanical method or strong acid (concentrated HCl) was ruled out since it could 
damage the sample.  To dissolve the solidified CuCl, the sample was submerged in a 
saturated chelating agent (saturated EDTA) solution at 80 °C.  The more CuCl on the 
surface, the longer the cleaning took, thus increasing the possibility of damaging the 
sample by exposing the sample to saturated EDTA solution.  To avoid the difficult process 
of removing the entire solidified CuCl, the material tested was retrieved from molten CuCl 
before cooling.  This was accomplished with a mechanism that lifted and hung the sample 
out of the hot solution, without opening the vessel, and allowing the CuCl to drip off.   
The pressure relief device was installed on the ITV to prevent pressure build-up in the 
system.  Hot gas was exhausted from the ITV through the connecting pipe to the condenser.  
If there was an impediment in the connecting pipe and the inert gas flow was maintained, a 
pressure could build-up inside the ITV.  A pressure relief device was installed to allow the 
pressure to escape and avoid having pressure build-up during immersion test. 
The Condenser  
The condenser was installed for cooling the exhaust gas from the ITV before exhausting it 
to the scrubber.  The condenser consisted of two parts, the lid and the body, both made of 
fused quartz.  The condenser lid had three insertions for: the connecting pipe for gas 
exhaust from ITV (Figure 4-5f); the connecting pipe for exhausting the hot gaseous to the 
scrubber (Figure 4-5i); and the tubing that connected to the pressure relief system (Figure 
4-5g).   
The Scrubber 
The scrubber was installed to neutralize the exhaust gas before releasing it to the fume 




made of SS316 and the body was made of borosilicate glass.  The solution inside the 
scrubber was saturated sodium bicarbonate (NaHCO3). 
The Heating System  
The heating system consisted of: a heating mantle for heating the ITV; a controller for 
controlling the heating mantle; and a thermal cut-off system for safety. The thermal cut-off 
system was added so that if the thermocouple breaks or does not provide the controller with 
a feedback, the heater will not continuously heat the vessel.  If the heater were allowed to 
heat the vessel to its maximum temperature, the temperature inside the ITV would increase 
and might crack the ITV vessel and the crucible containing the molten CuCl.  The crack 
could allow molten CuCl to escape and create a hazard.  To prevent the temperature inside 
the ITV exceeding a specified temperature (e.g., 550 °C), a thermal cut-off system was 
installed.  A K-type thermocouple (Omega) was connected to the thermal cut-off system 
used to monitor the inside temperature of ITV.  The ITV inside temperature was displayed 
on a handheld thermocouple thermometer Fluke-50-Series-II. 
4.3.2.4. Immersion Test Apparatus Assembly 
There were several steps involved in assembling the immersion test apparatus.  The main 
assembly step was to connect the ITV, condenser, and scrubber and place them inside the 
fume hood.  However, in each vessel there were also several subassembly steps involved.  
The overall final assembly was connecting the ITV to the condenser with the fused quartz 
connecting pipe and polyethylene hose.  The condenser was connected to the scrubber 
through the polyethylene hose.  In this section the subassemblies for each of the vessel, 
ITV, condenser, scrubber, and heating system subassembly are described. 
The ITV Subassembly 
The ITV had more subassembly steps than the other vessels since it had more components.  
The components include the lifting and turning device, ITV vessel, the thermocouple, the 
inlet gas, and the pressure relief device.   
The lifting and turning device consisted of five separate parts, the lifting rod, the plate for 
hanging the sample and the base, the threaded rod for pillars, and the nuts for the stopper.  




Table 4-3.  There were three holes (8 mm diameter) drilled in the plate so the plate could 
easily slide over the three pillars (Figure 4-6a).  Three ¼” (6.35 mm) threaded rods were 
inserted into each hole in the bottom plate.  Three ¼” (6.35 mm) nuts were placed on the 
bottom of the plate to tighten each threaded rod and act as the leg for the lifting and turning 
device (Figure 4-6b).   
 
The crucibles used to contain the CuCl during the immersion test were arranged on the base 
plate (Figure 4-7).  The samples were clamped using two plates that were bolted together.  
The clamp was attached to the lifting plate using a wire.  Two nuts were installed on each 
rod (the location was dependant on the sample position and CuCl powder height on the 
crucible) to act as a stopper for the top plate (Figure 4-6b).  The ⅛” (3.17 mm) rod was 
installed on the top plate to lift and turn the plate during the immersion process.  Finally, 
the whole lifting and turning device subassembly without the plate and the samples was 
placed inside the body of ITV.  Once the lifting and turning device was arranged properly, 
the plate with the samples attached to it was carefully placed on the pillars. Figure 4-7b 
illustrates the lifting and turning device as assembled in the ITV. 
Figure 4-6: Detailed Drawing of Lifting and Turning Device 
Figure (a) shows the top view of the lifting and turning device, (b) the cross-section 
view of the release position. The top view shows there are three holes that are slightly 
bigger than the diameter of the rod to allow the plate to slide down easily.  The nut 
that holds the top plate above the liquid is shown in (b).   
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For the ITV subassembly, the ITV body, the gasket, and the lid were clamped using C-
clamps.  Two insertions (inlet gas, thermocouple, and pressure relief device) had metal 
tubing, whereas the lid of the ITV was made of fused quartz.  Ball and socket joints 
(Figure 4-8) were used to join the two different tubes.   
 
Figure 4-8: Ball and Socket Joint. 
Figure (a) shows an illustration of the metal tube socket and fused quartz ball joint 








Figure 4-7: The Illustration of Lifting and Turning Device for Immersion Apparatus 


















The ITV lid had three quartz tubes that ended with a socket for coupling with the metallic 
ball joints.  The metal ball joint was a smaller diameter so it fit into the fused quartz socket.  
An O-ring was placed on the top of the ball joint (Figure 4-8a) to create a gas-tight seal 
when the joint was clamped with a pinch clamp.  Figure 4-8b shows a section view of the 
ball and socket joint with O-ring installed.  Teflon tape was also wrapped around the ball 
joint. 
The thermocouple had a compression fitting installed to create a gas tight seal.  The 
compression fitting was coupled with the metal tube of the ball joint that was clamped with 
the fused socket of the first insertion.  The second insertion was for the connection tube that 
was connected to the condenser and used for exhausting the gas.  The gas inlet, the rod for 
the lifting and turning device, and the pressure relief device were arranged together to be 
coupled with the third insertion.  To accommodate the three components in the first 
insertion (Figure 4-9) there were two T-connectors installed where one input was 
connected to the nitrogen gas cylinder, another was connected to a pressure relief device, 
and the last one was for the rod of lifting and turning device.  
  
The lifting and turning device inside the ITV had a rod that was attached to the plate of the 
lifting and turning device.  The rod was run through the insertion (Figure 4-9) so that it 
could be used to lift the sample.  There was a cap coupled with the T-connection that could 
Figure 4-9: The T-pipe Joint. 
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be opened when the operator needed to lift the samples using the rod.  Figure 4-9 shows 
the arrangement of the three devices using two T-connectors.   A hose was attached to the 
pressure relief device and connected to the condenser to ensure that the discharge gas 
remained within the condenser and can be exhausted to the scrubber.   
The Condenser Subassembly 
The body of the condenser, the gasket, and the lid were clamped using C-clamps.  The 
procedure for the condenser assembly was exactly the same as the ITV (using ball and 
socket joints).  The three insertions for the connecting pipes (Figure 4-5c) were coupled for 
the exhaust gas from the ITV, the hose from the pressure relief device, and the hose for 
exhausting the cooled exhaust gas to the scrubber.   
The Scrubber Subassembly 
The scrubber (Figure 4-5d) had two separate parts, the lid and body. The scrubber lid had 
long metal tube that was welded in place to allow the exhaust gas to enter the tank below 
the solution level and be bubbled through the scrubber solution.  A metallic mesh was 
installed on the end of the inlet tubing to create smaller bubbles of exhaust gas.  Several 
plastic beads were also placed in the solution above the end of the tubing to further refine 
the bubble size.  The scrubber body, gasket, and lid were clamped using C-clamps. 
Heating System Subassembly 
The heating system had five parts, the heating mantle (Figure 4-5b), the heater controller, 
the thermal cut-off system, and the two thermocouples.  The ITV was placed inside the 
heating mantle which was connected to the heater controller.  A thermocouple was placed 
inside the heating mantle to provide the feedback signal to the controller.  A thermal cut-off 
system was connected to the heater controller to limit the maximum operating temperature 
of the ITV.  The thermal cut-off system had another thermocouple that was placed inside 
the ITV to provide the thermal cut-off system with a feedback signal. 
Final Assembly  
Figure 4-10 shows the assembled immersion test apparatus. The scrubber subassembly was 
placed in the fume hood first, followed by the scrubber, the condenser, and the heating 





The ITV subassembly was the last assembly that was performed considering that there was 
CuCl powder involved in the operation.  Putting the ITV assembly as the last step reduces 
the chance of contaminating CuCl powder during the assembly process.  Each of the 
samples was immersed in each individual crucible that contained molten CuCl. By doing 
this, the chance of having cross contamination from another sample during immersion test 
period was eliminated. 
4.3.2.5. Immersion Test Apparatus Operation 
The Lifting and Turning Device 
The lifting and turning device was installed to: allow any remaining CuCl to drip off the 
sample at the end of the immersion period; prevent sample contact with the CuCl powder 
during the immersion pre-heating period; and ensure that only the sample and not the 
holder was in contact with the molten CuCl.  The position where the samples were out of 
the molten CuCl was the lifting position (Figure 4-11a).  The position where the samples 
were immersed in the molten CuCl was the “release” position (Figure 4-11b).   





The samples were mounted onto a plate controlled by a rod for lifting and turning the 
samples inside the vessel before and after immersion test.  The clamps covered only the top 
part of the sample leaving more than half of the sample area available for immersion in 
molten CuCl (Figure 4-11a).  The samples were hung from the lifting plate inside the 
vessel, but out of the CuCl during the pre-heating period (Figure 4-11b).  Once the CuCl 
reached a molten state, the plate was rotated on to the pillars and  allowed to slide down 
until the plate reached the nut (acting as a stopper as shown in Figure 4-11a) and samples 
were immersed in molten CuCl. 
When the immersion period was reached, the rod was lifted and the top plate was rested on 
top of the three pillars (Figure 4-11b).  The sample was hung inside the vessel to allow any 
the liquid CuCl remained on the material to drip off, leaving only small amounts of CuCl to 
solidify on the sample.  
Pressure Relief Device  
A pressure relief device (Figure 4-9) with a rating of 10 psig was installed in the ITV.  If 
the system pressure exceeded the pressure rating of the pressure relief device, the pressure 
relief valve would discharge the gas to reduce the working pressure inside the vessel.  The 
discharge gas would flow to the condenser through the hose that was attached to the 
Figure 4-11: Picture of the Lifting and Turning Device. 
 



















discharge valve of the pressure relief.  By doing so, the discharge gas would remain in the 
immersion test apparatus and vent through the scrubber before being released it to the fume 
hood. 
Thermal Cut-off System 
If the controller (Figure 4-12a) does not receive a feedback signal from the thermocouple 
during the immersion test, the controller will assume that the set temperature has not been 
reached and will continue to heat the vessel until it reaches the maximum temperature    
(650 °C).   
 
 (c) 
Figure 4-12: Over-Temperature Control System. 
 
Figure (a) shows the heating mantle controller that was connected to the thermal cut-
off system, (b) the circuit diagram of the thermal cut-off system when the temperature 
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The thermal cut-off system that was installed on the heating system had an input feedback 
from the thermocouple used to monitor the inside temperature of the ITV.  If the 
temperature inside the ITV was higher than the cut-off temperature limit, then a relay 
would switch off, cutting the power, and turn off the heating mantle.  When the inside 
temperature fell below the cut-off temperature, the relay would reset the condition and the 
loop would continue.  The circuit diagram of the thermal cut-off system (Figure 4-12b) 
shows that there is a switch on the relay which is dependent on the feedback from the 
thermocouple.  A flow chart for the thermal cut-off system is given in Figure 4-12c.  The 
thermal cut-off system will ensure that the immersion test can be conducted safely when 
running overnight without supervision.    
4.3.2.6. Immersion Test Apparatus Fault Analysis 
It is important to have a fault analysis for every experiment to ensure that the experiment 
can be performed in a safe manner without risking the laboratory and personnel working in 
it.  The fault analysis is intended to foresee problems that might occur during the course of 
an experiment.  There are several factors that might cause failure during the course of an 
immersion experiment.   
1. Temperature Hazard  
When the thermocouple is not working or unplugged, there is no temperature feedback 
from the heater to the controller.  The controller will sense that the thermocouple is at room 
temperature and will keep heating the vessel.  The hazards caused by this failure, and 
solutions to the problem include: 
 The operating temperature inside the vessel will increase beyond a safe value.  One 
consequence could be chlorine gas generation which could pose toxicity hazard.   
A temperature controller with a relay system has been designed so that when the 
temperature inside the ITV is higher than 650 °C, the power source to the heating mantle is 
severed and the heater will shut off.  When the thermocouple is not sending feedback, the 
controller has a warning light indicating that there is no signal being received.  If it occurs 
when the operator is present then the operator can fix the thermocouple to ensure it works 




 The vessel might crack due to excessive heating.   
This problem should not be an issue because the vessel is made of quartz which is rated for 
1000-1200 °C operating temperature, and the maximum temperature of the heater is       
650 °C.  The material of the vessel will be able to withstand the condition.   
 If the heater is overheating, the bottom part of the vessel is cracked, and the crucible 
containing the CuCl is cracked, toxic and temperature hazards are created.   
The probability of three simultaneous failures is small.  However, if it occurs the CuCl will 
be contained within the heating mantle.  The over-temperature hazard will not pose a 
danger to the operator because the heating mantle parts can withstand temperatures     
>1000 °C. The heating mantle interior is made of fiberglass cloth which has operating 
temperature >1000 °C.   
From this analysis it was concluded that the temperature hazard was minimized because the 
system has a temperature controller with relay system that will cut the electric power to  the 
system, thereby preventing heater run-away or overheating to higher than the safe operating 
temperature. 
2. Pressure Hazard 
In the event there is an impediment between the joints, and gas is still flowing, a pressure 
may build-up inside the vessel.  The tygon tubing connecting the gas tank with the 
immersion system may burst or be disconnected from the system.   
The burst pressure of tygon tubing is rated at 16 psig, so when the pressure built-up 
exceeds that amount the tubing will burst first since all the clamps holding the joints, the lid 
and the vessel have higher pressure ratings.  A pressure relief device with a rating of         
10 psig was installed in the system to relieve the overpressure and prevent sudden tubing 
burst.   
3. Toxicity Hazard--Chlorine gas 
If there is a leak in the system it is important that the any chlorine gas present in the system 




Any chlorine gas generated will be minimal because cuprous chloride is stable, even at 
elevated temperature.  The chlorine gas that could be generated as a result of the elevating 
the temperature can be estimated by calculating [39] the Gibbs free energy change (∆G) 
and finding the equilibrium concentration of Cl2 for the reaction 
 
        
 
 
    
(4.1) 
The     calculation used values from Ishan [40].  The worst condition assumed was for a 
run-away heater at 700 °C, which is 50 °C higher than the maximum heater temperature, 
650 °C. 
The     for reaction 4.1 at 700 °C is greater than 0 which means the reaction is not 
spontaneous and will not proceed unless external energy is applied.  From the estimation, 
the equilibrium concentration of     for reaction A4.1 would be 0.9 ppm.  This 
concentration is lower than the limit of exposure given in the Chlorine MSDS sheet         
(10 ppm) [41] before eye-damage or irreversible health effect occurs.  The detailed 
evaluation is presented in Appendix 4.   
The worst possible scenario that might occur is if there is a blockage in the immersion test 
apparatus, creating pressure build-up, and ultimately, a leak develops in the system.  As a 
result, the exhaust gas escapes.  At the same time, if the fume hood is not working the 
exhaust gas flows to the laboratory and the personnel are exposed. 
From this estimate of the amount chlorine generated, it would be safe for the operator and 
other personnel working in the laboratory even if the scenario given above occurs.  The 
possibility of a toxic hazard due to chlorine gas generation was deemed unlikely to occur 
even for the worst possible condition.   
4. Explosion Hazard 
The chance of an explosion during an immersion test experiment is minimal because there 
are no explosive materials being used.  However, there is a chance of a pressure build-up 




of the clamps holding the joint cannot withstand the pressure build-up.  The clamp might 
be blown away and hit the operator working near the apparatus.   
The fume hood containing the system has a window which was kept closed during the 
course of the experiment.  However an operator may be working in the fume hood and may 
be exposed to the threat of a projectile.  This problem was solved by placing a plexi-glass 
shield that protects the majority of the body of the operator while working near the system, 
and by requiring the use of a face shield to protect the face of the operator. 
 
4.4. Methodology 
4.4.1. Sample Preparation 
Three sample preparation steps were done before testing the sample: initial, before, and 
after immersion sample preparation. 
Initial Sample Preparation 
The initial sample preparation was done before applying the ceramic and metallic coating 
onto the sample.  The initial sample preparation included sectioning and polishing.  
Initially, the samples were in the form of a metal rod that was cut into a disk sample, 3 mm 
thick.  The sectioning was done using a low speed saw.  The cut samples then were 
polished before spraying the coating onto the surface.  Both the sectioning and polishing 
were done at the University of Toronto.   
The metallic coating was applied to the sample using HVOF method.  The HVOF torch         
(DJ-2700 gun from Sulzer Metco) used propylene as the fuel to apply the Diamalloy 4006 
coating powder to the surface sample.  Both ceramic coatings were applied using the APS 
method.  The Axial III torch with axial injection of powders (both from Mettech) was used 
to apply both YSZ and Alumina coatings [42].  During the coating process, the torch gun 
was moved with a speed of approximately 64 cm/sec in the horizontal direction in steps of 
5.5 mm and at a 100 mm stand-off distance [42].  The YSZ coating final thickness was    
70 μm after 13 layers of sprayed coating powder.  Similarly, the Alumina coating final 




spraying parameters that were used while applying both of the ceramic coating are given in 
Table 4-4. 
Table 4-4: The Parameters of APS Method for Application of both YSZ and Alumina 
Coating [42]. 
Current per electrode, A 230 
Gas flow rate, (Nitrogen) slpm 
200 (for YSZ) 
150 (for Alumina) 
Feed rate, g/min 40 
Spray distance, mm 100 
 
Sample Treatment before Immersion 
Before performing the EIS test on each sample, the bare metal samples were polished using 
sandpaper (100 grit) to remove the unwanted film and coarse surface.  The sample was 
rested on a flat surface while it was polished using sandpaper in one direction. Once 
polishing lines were visible on the sample surface, the sample was rotated 90° and polished 
further. 
Sample Treatment after Immersion 
There were several after immersion sample preparation steps that were done prior to 
examination by SEM and EDX.  The sample preparation steps for SEM and EDX include: 
carbon coating, sectioning, and polishing. 
Carbon coating was done to ensure a conductive sample surface so that a better 
microscopic image could be generated.  The majority of the samples had a ceramic coating 
or corrosion product on the surface.  These non-conductive layers prevented electron 
penetration into the surface, thereby creating a charge build-up on the surface.  These 
charges can deflect other electrons and affect the SEM and EDX result.  Over charging a 
particular spot on the sample could also damage the surface, which is usually indicated by 
black spot on the sample.  Carbon is a conductive material that can be applied as a thin 
layer onto the specimen to improve surface conductivity and minimize charge 




has low background signal and high electrical conductivity [16].  Several samples had a 
rough surface which was difficult to coat uniformly.  The carbon coating was applied 
several times to ensure that the coating was uniform over the entire surface of the sample 
and to reduce the possibility of any uncoated surface on the sample.   
A slow speed saw (Brilliant 221) was used to cut the specimen, but minimize breaking the 
ceramic coating during the cutting process.  For cutting the ceramic coated samples, the 
lowest feed rate (0.1 mm/minute) was selected to minimize any deformation that might 
occur on the coating.  Once sectioned, the sample was placed in a 63 mm diameter plastic 
mold with the cross-section surface facing upward.  The epoxy resin was mixed with epoxy 
hardener in a 5:1 ratio and poured into the mold.  The epoxy was allowed to solidify, 
usually taking 6 to 8 hours at room temperature (25 °C).  Once the epoxy mixture was 
solidified, the epoxy containing the sample was extracted from the plastic mold.   
The sample embedded in the epoxy was polished to create a smooth surface before 
examination.  Different grit size sandpaper were used, starting from the coarsest (average 
grit size of 80 μm) to the finest (average grit size of 9 μm) were used to polish the samples.  
The coarsest paper removed the major surface roughness from the surface.  Water was used 
as a coolant while polishing the sample.  The sample was held in place by hand on the 
rotating sandpaper.  Once polishing lines were visible on the sample surface, the sample 
was rotated 90° and polished further.   
4.4.2 EIS Test 
4.4.2.1. Preparation 
The 3.55 w/V% NaCl electrolyte was purged with argon for 5 minutes to remove oxygen 
before filling the cell.  The reference electrode was placed in the luggin well. The sample 
was clamped by tightening the clamp handle on the right side of the cell. Both sides of 
sample were rinsed with distilled water three times to ensure that the entire surface of the 
sample was cleaned and uniformly wet.  
The O-ring was placed over the desired spot on the sample and the sample aligned with the 




left side as shown in Figure 4-2). Once all the electrodes were in place the cell was 
connected to the potentiostat by clipping the appropriate alligator clip to each electrode.  
Inserting, Switching, and Removing the Sample 
Since there were several samples tested, the sample had to be switched or removed from 
the cell between EIS tests.  The clamp mechanism of the cell (Figure 4-13b) allowed the 
operator to switch and reposition the sample easily without having to disassemble the entire 
cell.  The clamp in Figure 4-13b was fastened and unfasten by turning the clamp handle 
(Figure 4-13b) while retracting or repositioning the sample.  However, it was difficult to 
align the desired spot to be tested with the opening hole in the cell since the clamp housing 
restricted access while inserting the sample.  The clamp housing which is shown in Figure 
4-13b had a small opening or gap that made sample alignment difficult because only the 
back of the specimen was visible.   
  
An O-ring with a slightly larger diameter than the opening of the cell was used to solve the 
problem.  The O-ring was placed on the area of the sample that was to be tested.  Before 
clamping the sample, the O-ring together with the sample was aligned with the opening of 
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Figure 4-13: Illustration of Sample Placement and Insertion in the E-Cell. 
Figure (a) shows the cell position when the sample was clamped and examined during 
EIS test, (b) shows the cell position when the sample was being removed or inserted. 





the cell so that the exposed area was the desired area for testing.  Figure 4-3a shows how 
the O-ring was placed on the surface of the sample and Figure 4-13b illustrates the O-ring 
is being used as a guide while aligning the desired spot with the opening hole on the cell.   
When switching samples, the cell was tilted 90° as shown in Figure 4-13b, before 
unclamping the sample to keep the electrolyte inside the cell.  When the cell was tilted and 
opened, air entered.  Also, the luggin capillary (Figure 4-2e) of the reference electrode well 
drained and a bubble could be trapped in the capillary.  A bubble would cause the 
potentiostat to become unstable and produce incorrect results.  Any trapped bubbles in the 
capillary were removed by shaking the cell until all the bubbles were broken.  Pressing the 
luggin well using a thumb can break a large bubble formed in the capillary (Figure 4-2f).  
The detailed procedure of EIS experiment is given in Appendix 5. 
4.4.2.2. EIS Experiment 
There were three steps involved for each EIS experiment, open circuit potential 
measurement, EIS test, and sample switching or removing and cleaning the sample.  The 
EIS experiments were repeated three times spread over three days. Each day, the samples 
were prepared as described in section 4.4.2.1.    
Open Circuit Potential 
Before starting the EIS test, an open circuit potential (OCP) test was run for 5 minutes or 
until the potential (E) values maintained stability within the range of ± 5 mV.  The OCP 
value was used as the starting point for the EIS experiment.   
EIS Test 
EIS was used to characterize the material surface condition before and after the immersion 
test.  The changes in surface condition were determined by analyzing EIS results.  The 
parameters that were used for EIS experiments were: frequency range of 30 kHz-0.1 Hz, 
applied voltage amplitude of 10 mV RMS bias 0 V, DC vs. OCP, data quality of 5, and 






4.4.2.3. Post Experiment 
Sample Cleaning 
Once the EIS data of each sample was taken, the sample was rinsed with distilled water to 
ensure that the sample surface was clean.  The samples were placed in the oven at 80 °C for 
30 minutes for drying purposes.  The samples were removed from the oven, air cooled, and 
then stored in a sealed container once the surfaces of the samples were dried.   
EIS Result Selection 
The EIS data that were presented by VersaStudio software had to be filtered before going 
through the analysis.  The potentiostat has a limit at the high frequency range (> 30 kHz).  
Impedance measurements at >30 kHz were not accurate and distorted data.  The error can 
be caused by the cell design and geometry, the leads that connect the cell with potentiostat, 
the frequency response of the potentiostat or the ability of FRA to control the error [43].  





ignored [43] and the data from frequencies higher than 30 kHz were excluded from the fit.   
A dummy cell was tested to investigate the potentiostat reading accuracy.  A 5 Ω resistor 
was added to a parallel RC circuit (5 Ω and 470 µF) as a dummy cell to be measured by the 
potentiostat over the range of 50 kHz to 0.1 Hz.  The result of dummy test (in Appendix 6) 
show that the average percentage error of Z” and Z’ values at frequency higher than 30 kHz 
was more than 100%.  The large error indicates that the selected potentiostat could not 
produce accurate data for frequencies higher than 30 kHz.  The EIS results for the 
frequencies higher than 10 kHz were also ignored because the errors were higher from that 
point.  For the data at the frequencies lower than 10 kHz, the errors decrease.  The error 
values of impedance (both imaginary and real values) for each frequency from 50 kHz to 
0.1 Hz are shown in Appendix 6.   
EIS Results Fitting Process and Error Associated 
The fitting process involved a circuit model fitted to the experimental data to generate the 
individual circuit component values.  There were three different circuit models that were 
used for the analysis (Figure 4-14).  The fitting process method, done by ZsimpWin 3.21 




error of the fitting process was given by the chi squared value.  The chi squared value 
represents the distance between the two measured and calculated values which means the 
smaller the chi squared value, the better overall fit that was produced.  
 
Since there were three EIS results (that were taken at different days), there were also three 
different component values generated. The three component values were averaged for three 
different experiment days.   
The fitting software also generated an individual error for each circuit component value. 
The error was used as one of the indication of the goodness of the fitting process.  The 
smaller the error value the better the fit of the circuit model selected.  Since there were 
three sets of EIS result, there were also three error values generated. The root mean squared 
method was used to find the average resultant error value to represent the error of the three 
sets of EIS results:  
       
                  
 
 (4.2) 
Figure 4-14: Equivalent Circuit to Model the Samples EIS Results. 
Figures showing the circuit models used to model (a) substrate only and metallic 
coated substrate, (b) substrate with metallic and ceramic coating on top, and (c) 
substrate and metallic coated with a different surface condition after immersion.  The 
circuit elements are, Rs: solution resistance, QDL: capacitance double layer, Rf: film 
resistance, Qf: film capacitance, Cc: coating capacitance, Rc: coating resistance, and 
Rf2: additional resistance to compensate the change after immersion. Q is used instead 

















4.4.3. Immersion Test 
4.4.3.1. Preparation 
Washing the Vessel before Immersion Test 
The ITV and crucibles were cleaned after each immersion test to ensure that the cleaned 
vessel condition was maintained for every immersion test experiment.  The CuCl remaining 
on the crucible and ITV were dissolved using concentrated HCl.  Once all the remaining 
CuCl was dissolved, both the crucible and ITV were rinsed three times with tap and 
distilled water.   
Preparation before Immersion Test 
Before setting up the immersion test apparatus, the lifting and turning plate was marked to 
show where the sample was to be clamped on.  It was necessary to mark the position of the 
sample when attached to the plate to avoid mixing up the samples after the immersion.  
Once the samples were attached to the plate based on the markings on the plate, the plate 
was placed on the pillars.   
The CuCl powder was placed in the crucible.  The position of the crucible was aligned with 
the sample so that when the sample was immersed it would not tip the crucible.  The 
volume of the CuCl powder will change once it is melted, so the initial volume of the CuCl 
powder to be used was approximated based on the density of molten CuCl.  The density of 
molten CuCl at 500 °C was measured.  The density measurement is given in Appendix 7.  
The height of the CuCl powder was approximated so that when it was melted, the molten 
CuCl would not touch the sample holder.  Since the high temperature personal protection 
set was required to be worn while handling the CuCl powder, a visible mark was drawn on 
the outside wall of the crucible to indicate how much CuCl powder was required.   
Two nuts were placed on each pillar to act as stoppers to hold the plate (and the samples) in 
the release position during the immersion test.  The placement of the nut and washer was 
adjusted depending on the height of the molten CuCl expected in the crucible.  Figure 4-6b 
shows the section view of the lifting and turning mechanism, the nut acting as stopper, and 




4.4.3.2. Immersion Experiment 
After completing the preparation steps, the cleaned immersion apparatus was assembled as 
described in section 4.3.2.4.  Once the assembly was completed, the immersion test system 
was purged with nitrogen gas at 50 to 70 ml/min for 30 minutes.  During the deareation 
process, soapy water was sprayed over every joint and connection to ensure there were not 
any leaks in the immersion test apparatus.  After the deareation, the heating mantle 
temperature was set at 520 ± 5 °C.  The additional 20 °C was to compensate for the thermal 
gradient caused by the fused quartz immersion vessel wall and for thermal losses.  Thermal 
losses were minimized by wrapping fiberglass cloth insulation around the immersion vessel 
(Figure 4-13).   
Once the temperature inside the ITV reached 500.0 ± 1.1 °C (30-45 minutes), the nitrogen 
gas flow was reduced to 20 ml/min and maintained throughout the test.  After the inside 
temperature of the ITV was stable at 500.0 ± 1.1 °C for 15 to 20 minutes and the CuCl 
powder was molten, the samples were immersed by turning and releasing the lifting rod 
(Figure 4-7a).  The lifting rod was accessed by opening the cap of the insertion to the 
immersion vessel (Figure 4-9).  Once the samples were immersed in the molten CuCl, the 
system was sealed by closing the cap.  The thermal shut-off system was set to               
550.0 ± 1.1 °C.   
At the end of the immersion period, the samples were lifted from the solution (Figure 4-
7b) and left at the lifting position for 4 hours to allow the remaining CuCl on the surface to 
drip off while the inside temperature of ITV was maintained at 500.0 ± 1.1 °C.  The 
cooling process was done by gradually reducing the temperature of the system.  Once the 
inside temperature of the ITV was at room temperature, the lid of the ITV was opened and 
the samples were retrieved.  The detailed immersion test procedure is given in Appendix 8. 
4.4.3.3. Post Experiment 
Once the samples were extracted from the ITV, there was some CuCl remaining on the 
surface.  The remaining CuCl on the sample surface was removed to allow the surface of 
the sample to be analyzed.  The remaining CuCl was dissolved using saturated EDTA at   
80 °C.  The cleaning process was performed using a magnetic stirrer to accelerate the 




was removed, and the cleaning process was repeated. Since the saturated EDTA solution is 
colorless, the solution color was used to indicate if there was any CuCl remaining on the 
sample.  The detailed procedure is given in Appendix 9. 
Similar to the post EIS experiment cleaning process, the samples were rinsed with distilled 
water before drying them in the oven for 30 minutes.  After the drying process the samples 
were stored in the closed container.   
4.4.4. SEM and EDX  
4.4.4.1. SEM and EDX Preparation 
The prepared sample was mounted on a sample holder before inserting it to the vacuum 
chamber.  Since the sample holder had a 40 mm diameter, only slightly larger than the 
sample (31.75 mm), the sample was taped and glued to ensure that it would not fall off the 
sample holder while inside the vacuum chamber.   
4.4.4.2. SEM and EDX Experiment 
The instruments used have a wide range of adjustable parameters allowing the researcher to 
take micrographs using different settings.  A summary of selected parameters is given in 
Table 4-5. 
Table 4-5: The Parameters Selected for the SEM and EDX Analysis. 
Parameters                Microscope Hitachi JEOL 
Accelerating voltage 15 kV 10-15 kV 
Probe current 8 nA 1-8 nA 
Working distance 15 mm 8 mm 
Emission current 20 µA 20 µA 
 
The accelerating voltage is an important parameter to improve the image quality and 
resolution.  A higher accelerating voltage will create a higher resolution image, but it will 
also create charging because the electrons do not have enough time to penetrate any non-
conducting parts of the sample.  After trying different accelerating voltages, the best 




was set to 15 kV, the charge build-up decreased, even on the ceramic coated sample, and 
the quality of sample SEM image was acceptable at 300-500X magnification.   
The emission current is the amount of current emitted from the filament, and the probe 
current is the current reflected from the lenses [16].  The emission current was adjusted to 
determine the total current emitted from the electron gun and the recommended value (by 
the Engineering technologist of the Hitachi S-5400, S. Boccia) was 20 µA [44].  A high 
probe current will make the image smoother, but could also damage the sample.  The probe 
current setting used was 1 to 8 nA for both instruments   
The distance from the sample to the electron gun affects the microscopic image resolution.  
The closer the specimen is to the electron gun and detectors, the higher the resolution of the 
image.  The sample working distance is also important to minimize losing X-ray, 
secondary, and back scattered electron signals due to the distance between the sample and 
the detectors.  The closer the sample is to the detectors and electron gun, the better the 
detection, but the less room that is available for tilting the sample holder.  The working 
distances used in this work were 8 mm for SEM and 15 mm for EDX.   
The large sample diameter and the way the sample was mounted prevented any tilting of 
the sample during an SEM and EDX examination.  Since the sample diameter was larger 
than the jig and only slightly smaller than the holder, it could not be clamped onto the 
holder.  The sample had to be taped or glued into the stubs to ensure that it would remain 
on the holder.  The sample was not tightly fixed to the stubs and there was a risk the sample 
could fall into the microscope chamber if the sample holder was tilted.   
Assuming that the sample could be clamped tightly, the sample could be tilted to a certain 
angle inside the chamber, if the working distance were increased.  However, the closest 
working distance was preferred to achieve a better microscopic image.  When the working 
distance was increased, the charging of the surface of the sample increased and the 
microscopic images generated were not clear.  The optimal working distances were 8 mm 
and 15 mm.  Working with the selected working distances there was no room left between 
the detectors, the electron gun, and the sample holder for the sample to be moved, due to 




Initially, the desired spot on the sample were marked using a knife.  However, it was 
difficult to locate and find the mark during SEM examination.  By doing so, there was also 
a chance of damaging the surface of the sample and affecting the experimental result.  A 
rubber tape was used instead to mark the desired spot.  It was easier to locate the tape 
during SEM examination, since the tape tended to have a charge build-up around it.  The 
tape was placed beside (or a certain distance from) the desired spot so that it would not 
disturb the SEM/EDX examination process.  Once the desired spot was found, the SEM 
image and EDX spectra of that spot were recorded.  The SEM image and EDX spectra 


















5.1. Immersion Test Results 
There are four combinations of the samples which are: bare metal; metal coated with 
Diamalloy 4006; metal coated with Diamalloy 4006 and Al2O3 (Alumina) or YSZ ceramic 
coating; and metal coated with alumina or YSZ ceramic coating (Figure 5-1). 
 
An abbreviation was assigned to each sample in each category which is given in Table 5.1:  
Table 5-1: The Samples Abbreviation. 
Sample Abbreviation 
Bare (uncoated) Inconel 625: In625 
Bare (uncoated) Stainless steel AL6XN: SS 
Inconel 625 coated with Diamalloy 4006 coating: InDi 
Stainless steel AL6XN coated with Diamalloy 4006 coating: SSDi 
Inconel 625 coated with Diamalloy 4006 and YSZ coatings: InDiYS 
Inconel 625 coated with Diamalloy 4006 and alumina coatings: InDiAl 
Stainless steel AL6XN coated with Diamalloy 4006 and YSZ coatings: SSDiYS 
Stainless steel AL6XN coated with Diamalloy 4006 and alumina coatings: SSDiAl 
Inconel 625 coated with YSZ coating: InYS 
Stainless steel AL6XN coated with YSZ coating: SSYS 
Stainless steel AL6XN coated with alumina coating: SSAl 
(a) (d) 
Metal 





Figure 5-1: The Illustration of Sample Combinations in Cross Section View. 
 
The combinations are: (a) metal only, (b) metal coated with Diamalloy 4006, (c) metal 
coated with Diamalloy 4006 and ceramic coating, and (d) metal coated with ceramic 







One set of immersion tests were performed submersing the entire sample in molten CuCl 
for 8 h, allowing the sample to freeze in the CuCl overnight, and then remelt each morning. 
A total of 100 h exposure was achieved for these samples. Removing the solid CuCl at the 
end of the test was difficult, and it was not clear if the damage to the specimens was 
because of the freezing, cleaning, or exposure. The damage to the specimens was 
confirmed in the second series, but the first set of tests will not be discussed further.   
During the immersion test, there were three different exposures areas on the sample: the 
bulk solution or immersed, the interface, and the holder area (Figure 5-2a).  The immersed 
area is the area where the sample was exposed to molten CuCl.  The interface area is the 
area where the sample was in contact with both the molten CuCl and the immersion vessel 
atmosphere.  The holder area is the area where the sample was clamped by the sample 
holder.  In the holder area, the sample was exposed to a high temperature gaseous nitrogen 
atmosphere.  Once the immersion period was reached, the samples were lifted and the 
molten CuCl was allowed to drip from the surface of the sample.   
 
Figure 5-2a is a picture of the sample that was just removed from the immersion vessel 








Immersed area CuCl 
deposit 
Figure 5-2: The Different Areas of Exposure during Immersion Testing 
Figure (a) shows the sample surface appearance after immersion and before cleaning, 
with the holder still attached to the sample and (b) after cleaning.  The red-dotted line 
marks the position of the bottom of the holder and the green-dotted line marks the 




vessel, the samples were cleaned using a saturated EDTA solution.  Figure 5-2b shows the 
appearance of the surface of the sample after the cleaning process where most of the CuCl 
had been removed of the surface of the sample.  Several features were visible on the 
cleaned samples after the immersion test, two of note were: both the Diamalloy 4006 (Di) 
and ceramic coatings fell off the immersed area of the sample and there were corrosion 
products on both the underside of the coatings and on the exposed surface that was initially 
coated.  The exposed surface conditions varied from sample to sample.   
5.1.1 Coating Degradation 
The ceramic coating was applied to protect the underlying metal from molten CuCl.  The 
Di coating was applied not only to protect the underlying metal from corrosion, but also to 
improve the adhesiveness of the ceramic coating.  However, after the immersion test, there 
were several samples that had lost both the ceramic and the Di coatings from the surface.  
Much of the ceramic and Di coatings had fallen off from a majority of the samples after the 
immersion process.  For some of the samples, it was seen that the ceramic coating around 
the edges of the immersed area of the sample had fallen off.  Figure 5-3 shows images of 
an alumina (Al) coating remaining on a sample following immersion, but had lifted and 
part of the coating was missing from around the edge of the sample.   
 
Alumina coating 
    Alumina coating 
(b) (a) 
CuCl deposits 
Figure 5-3: The Coating Condition after Immersion Test. 
The InDiAl was removed from the immersion vessel and still had some solidified 
CuCl on the surface.  Figure (a) shows the separation of the coating from the sample, 





Once the remaining CuCl was removed from the sample surface, better examinations of the 
samples surface condition were performed.  The way the ceramic coating fell off varied 
from sample to sample.  Some coatings fell off in small pieces, but from a larger area 
(Figure 5-4a), some coatings were only missing some pieces (Figure 5-4b) while most of 
the coatings remained on the surface, and some coating fell off in one piece (Figure 5-4c).  
Figure 5-4c is the example of an Al coating that was on the surface after the post-
immersion cleaning process, but fell-off in one piece when the surface of the coating was 
rinsed with water.  Similarly, another Al coating fell off as several pieces (Figure 5-4a) 
when the sample was rinsed after post-immersion cleaning.  There were some samples that 
had some ceramic coating remaining on the holder area, but were missing some of the 
coating around the immersed area (Figure 5-4b).   
 
The two coatings (Di and ceramic coatings) exhibited similarities in the way they fell off 
from the surface of the sample.  Both of the coatings always fell off the edge of the 
immersed area of the sample (Figure 5-5b and 5-6b).  Figure 5-5a shows the Di coated 
Figure 5-4: Corroded Specimens and Coating Fragments. 
Figure (a) shows the scattered coating pieces from sample InDiAl, (b) missing coating 
pieces from InYS, and (c) corrosion product underneath the coating from SSAl. 
 
Al coating fell 
off in one piece 
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sample before it was exposed to immersion in molten CuCl.  After immersion, Figure      
5-5b, the Di coating was missing around the edge of the sample and the underlying metal 
was visible.  Similar to the Di coated sample, the Al coating was also missing around the 
edge of the immersed area of the sample.   
 
Figure 5-6a shows the Di (underneath the ceramic coating) and Al coatings around the 
edge area of the original sample (SSDiAl).  After exposure in the immersion test, both the 
Di and Al coatings were missing from the edge of the sample and the underlying metal 
around the edge of the sample was visible (Figure 5-6b).  In contrast, in the holder area 
both the Di and Al coatings still remained on the surface of the sample (Figure 5-6b).  
Similar to the Di coating (SSDi, Figure 5-5b), the coating remained on the holder area of 
the sample. Other samples with the coating (both Di and ceramic) missing from around the 
edge of the samples are shown in Figure 5-7.   
 








Figure 5-6: Pictures of Al Coated Sample (SSDiAl) AR and after Immersion 
Figure shows the image of sample SSDiAl (a) before and (b) after immersion. 
Di coating on the 
holder area 
Exposed AL6XN  
Di coating 
(a) (b) 
Figure 5-5: Pictures of Di Coated Sample (SSDi) AR and after Immersion. 





5.1.2. Different Coatings Appearances 
It was difficult to determine when the coating fell off since the samples were not visible 
during the immersion test.  The surfaces of the coatings were different, as indicated by the 
different colours on the surface (Figure 5-7).  The ceramic coatings (both YSZ and Al) on 
the holder area of the sample appeared to be darker (Figures 5-6b, 5-7a, 5-7b, and 5-7c) 
compared to the colour before immersion (Figure 5-6a).  The ceramic coating on the 
immersed area could not be observed since it had fallen off the surface.   
Following immersion, the Di surfaces of InDi and SSDi were blacker compared to the 
colour before immersion and also had copper deposits on the interface area.  Figures 5-8b 
and 5-8c show both Di surfaces that were not coated with ceramic coating.  The exposed Di 
surface of the YSZ coated samples (Figures 5-7b and 5-7c) had a slightly lighter colour 
compared to that of the Al coated samples (Figure 5-6b and 5-7a).  The exposed Di surface 
of the Al coated samples had similar surface colour as the uncoated Di surfaces.  The Di 
surfaces with no ceramic coating that were immersed in molten CuCl had a darker colour 












Figure 5-7: Pictures of Di and Ceramic Coated Sample after Immersion 
Figure shows (a) InDiAl, (b) InDiYS, and (c) SSDiYS.  Both the ceramic and Di 






5.1.3. Different Exposed Metal Surface Appearances 
The metals (Inconel 625 and AL6XN) had more variety in the surface appearance since 
some of the metals were covered with different coatings.  The initial surface appearance of 
the as received (AR) metals (both the uncoated and before coating) was a glossy smooth 
surface, as shown in Figure 5-8a.  After the immersion test, the bare metals, the exposed 
metals that were coated with Di coating, and the exposed metals that were coated with 
ceramic coatings all had a different surface appearance.   
After the immersion test, both of the bare metals had copper deposits on their surfaces      
(Figures 5-9b and 5-9c).  The Inconel 625 surface of the In625 sample after immersion 
sample maintained a comparable surface colour (Figure 5-9c) to before immersion (Figure 
5-9a), although it was not as glossy as before immersion.  The appearance of the AL6XN 
surface of the SS sample was completely different after immersion than before immersion.  
The immersed area of the SS sample was covered by copper deposits.  There were more 
copper deposits on the SS (Figure 5-9b) than the In625 (Figure 5-9c) sample. 
(a) (b)    (c) 
Exposed metal 
Figure 5-8: Pictures of the Bare Metal AR and Di Coated Sample after Immersion. 
(a) shows the bare metal (SS) AR, (b) shows the exposed Inconel 625 surface of the 
InDi sample after immersion, and (c) shows the exposed AL6XN surface of the SSDi 
sample after immersion.  Both of the exposed metals that were initially under the Di 





For Di coated samples, the appearance of regions of exposed metal (Figures 5-8b and      
5-8c) were comparable to the AR sample (Figure 5-8a).  There were not any copper 
deposits on either of the exposed metal surfaces.  The exposed metal surfaces of the Di and 
ceramic coated samples (Figures 5-7a and 5-7b) looked slightly darker compared to the 
exposed metals of the Di coated sample (Figure 5-8b).   
The exposed metal surface of the ceramic coated samples had a slightly different surface 
appearance compared with the other exposed metals (Figure 5-10).  The exposed     
Inconel 625 surface of InYS (Figure 5-10a) had a similar post immersion appearance to 
the other exposed Inconel 625 samples: the In625 sample (Figure 5-9c), the InDi sample 
(Figure 5-8b), and the InDiAl sample (Figure 5-7a).  The exposed AL6XN of the SSYS 
sample (Figure 5-10b) also had a similar surface appearance to the exposed AL6XN of the 
SSDi sample (Figure 5-8c) and the exposed AL6XN of the SSDiAl sample (Figure 5-6b).  
The exposed AL6XN of the SSAl sample (Figure 5-10c) had a different surface 
appearance compared to the exposed AL6XN of the SSYS sample.  The exposed surface of 
the Al coated samples had more copper deposits on the exposed surface compared to the 
YSZ coated samples.  On the other hand, the exposed AL6XN of the SSAl sample was 
similar to the AL6XN surface of the SS sample (Figure 5-9b) that was immersed without 
any coating.   
(a) (b)    (c) 
Copper deposits 
Figure 5-9: Pictures of the Bare Metals before and after Immersion. 
(a) shows the bare metal (SS) AR, (b) after immersion, and (c) shows the In625 after 
immersion.  The AR In625 surface appearance was the same as the SS.  The light 





5.1.4 Corrosion Products Build-up 
Several pieces of ceramic coating remained on the surface of the metal after cleaning the 
exposed specimen.  Since the majority of the ceramic coating was missing from the edge 
area of the sample, the remaining coating pieces were barely attached to the sample.  There 
were some coatings that still remained on the surface the metals (Figures 5-11a and 5-11c), 
even after the cleaning process.  The ceramic coatings clearly stayed on the surface of the 
sample (indicated by red circle) after the cleaning process.  Once the samples were cleaned, 
the samples surface conditions were analyzed using SEM, EDX, and EIS.  Before 
performing these surface examinations, there were several sample preparation steps (e.g., 
rinsing) involved that may have caused the coating to fall off.  Underneath the coating, both 
corrosion product and CuCl were found (Figures 5-11b and 5-11d).  The CuCl might have 
penetrated into the underside of the coating and remained in there.  The CuCl was also 
found on the underside of the coating that had fallen-off (Figures 5-5 and 5-7a).   
Underlying metal 
(a) (b) (c) 
Copper deposits 
CuCl deposits 
Figure 5-10: Pictures of the Ceramic Coated Samples after Immersion. 
 (a) shows the exposed Inconel 625 of the InYS sample after immersion, the exposed 
AL6XN of the SSAl (b) and SSYS (c) sample after immersion.  There were copper (b) 





5.2 SEM and EDX Results  
The EDX spectra of Inconel 625, AL6XN, and Di surfaces were taken before immersion 
and used as a baseline for determining any change in the elemental composition of a metal 
surface after immersion.  Figure 5-12 shows three EDX spectra for the AR metal surfaces.  
Changes of the peak-to-peak ratios of the EDX peaks for the major elements in the metal 
alloy were used as indications of compositional changes caused by exposure to the CuCl 
immersion test.  Ni, Cr, Fe, and Mo are the four major elements of the two base metals 
(Inconel 625 and AL6XN) and Ni, Cr, Mo and W are the three major elements of the Di , 
as shown in the Table 4-1.  The major peak-to-peak ratios of the elements for each sample 
before and after an immersion test are given in Table 5-2.  The Cr peak was normalized to 
a value of 20 to ease the comparison of the ratio of other elements.  
(a) (b) 
(d) (c) 
Figure 5-11: Pictures of Ceramic Coated Sample after Immersion and after Rinsing. 
Figures show the InYS after (a) immersion and (b) rinsing; and the SSYS after (c) 
immersion and (d) rinsing.  There were CuCl deposits on the underlying surface 
underneath the coating.  Pictures (b) and (d) were taken at different times which 






























































































































































































































































































































Table 5-2: The Elemental Ratios of the Samples before and after Immersion. 
Sample Elemental  ratios 
As received (AR) Ni Cr Fe W Mo 
In625 23 20 4 0 7 
SS 8 20 27 0 10 
The Diamalloy 4006 coating of the  InDi 28 20 2 4 4 
After immersion  
In625 25 20 3 0 6 
The exposed Inconel 625 of  the InDi 25 20 3 0 9 
The exposed Inconel 625 of the InDiAl 28 20 4 0 8 
The exposed Inconel 625 of the InDiYS 23 20 3 0 9 
The exposed Inconel 625 of the InYS 23 20 3 0 10 
SS 9 20 17 0 9 
The exposed AL6XN of the SSDi 11 20 31 0 4 
The exposed AL6XN of the SSYS 9 20 29 0 3 
The exposed AL6XN of the SSAl 33 20 13 0 98 
The Diamalloy 4006 coating of the InDi 20 20 0 3 16 
The exposed Diamalloy 4006 coating of the InDiYS 23 20 0 9 9 
The exposed Diamalloy 4006 coating of the SSDiYS 29 20 7 2 18 
The exposed Diamalloy 4006 coating of the InDiAl 16 20 2 6 9 
The exposed Diamalloy 4006 coating of the SSDiAl 6 20 0 9 11 
 
The immersed area of the sample (Figure 5-1) was examined to determine the effect of 
molten CuCl on the material.  The SEM and EDX results include examination of the base 
metals (both coated and uncoated samples) and the Di surfaces. 
5.2.1 SEM and EDX Result of Base Metal  
The composition changes of the uncoated metal indicate the performance of that metal after 
being exposed to CuCl.  The changes in the elemental compositions of the material that 
was initially underneath the coating could also indicate the performance of the coating after 




changes on the surface of In625 after immersion compared to before immersion (Figure         
5-12b), but the peak-to-peak ratios of the major elements (Ni-Cr) were similar compared to 
before and after immersion.  Table 5-2 shows the In625 Ni-Cr peak-to-peak ratios after 
immersion (25:20) were comparable to before immersion result (23:20).  The EDX map 
(Figure 5-13) indicates that Ni (represented by the blue dots) was dominating the surface.  
There were also some copper deposits (represented by the red dots) on the sample shown in 
the EDX map on Figure 5-13b.  The EDX spectrum and map do not show the presence of 
chloride on the surface of In625 sample.  
 
The EDX spectrum in Figure 5-14a shows there were composition changes on the surface 
of SS after immersion compared to the SS AR (Figure 5-12c).  Unlike In625, the SS after 
immersion peak-to-peak ratios of the major elements were different compared to the SS 
AR. Table 5-2 shows that the Ni-Cr-Fe-Mo peak-to-peak ratios of SS AR was 8.20:27:10, 
(a) 




Figure 5-13: The SEM and EDX Analysis of the Immersed Area of the In625. 
The (a) EDX spectrum, (b) map, and (c) SEM image (250X magnification) of In625 
Surface after immersion. The colours on the elemental map represent: blue is nickel, 















but the Ni-Cr-Fe-Mo peak-to-peak ratio of SS after immersion was 9:20:17:9. The Fe-Cr 
peak-to-peak ratios changed after immersion test. The EDX map (Figure 5-14b) indicates 
that there were copper deposits (represented by red) on SS surface.  The EDX map also 
seems to show an association between Cl (green) and Fe (purple) on the left side of the 
EDX map (indicated by red arrow in Figure 5-14b).  It suggested that there was iron 
chloride on the surface of SS after molten CuCl exposure.    
 
After immersion, the exposed samples (Figure 5-2b) that were coated with Di coating had 
similar EDX spectra with the AR metal samples.  The Di coating on InDi and SSDi fell off 
of both metals after immersion, allowing the exposed metals to be examined.  The EDX 
spectrum (Figure 5-15a) of the exposed Inconel 625 surface of the InDi sample shows 
there were composition changes on the surface after immersion compared to the surface of 
the In625 AR (Figure 5-12b). However, the after immersion peak-to-peak ratios of the 
Figure 5-14: The SEM and EDX Analysis of the Immersed Area of the Bare SS. 
The (a) EDX spectrum, (b) map, and (c) SEM image (300X magnification) of SS 
Surface after immersion.  The colours on the elemental map represent: blue is nickel, 





















major elements (Ni-Cr) were similar compared to the In625 AR.  Table 5-2 shows the 
exposed Inconel 625 surface of the InDi sample Ni-Cr peak-to-peak ratios after immersion 
(25:20) were comparable to In625 AR (23:20).   
 
The EDX spectrum (Figure 5-16a) of the exposed AL6XN surface of the SSDi sample 
shows there were composition changes on the surface after immersion compared to the SS 
AR (Figure 5-12c), but the after immersion peak-to-peak ratio of the major elements (Cr-
Fe) were similar compared to the SS AR.  Table 5-2 shows the exposed AL6XN surface of 
the SSDi sample Cr-Fe peak-to-peak ratio after immersion (20:31) are similar compared to 
the SS AR (20:27).  Both of the exposed metals that were initially covered by Di coatings 
maintained comparable material composition after immersion testing compared to the both 
metals before immersion.   
(b) 
Figure 5-15: The SEM and EDX Analysis of the Immersed Area of the Exposed 
Inconel 625 Surface of the InDi Sample. 
The (a) EDX spectrum, (b) sample, and (c) SEM image (300X magnification) of the 
exposed Inconel 625 surface of InDi sample after immersion.  The SEM image was 






















There were some samples where both the Di and ceramic coatings fell off (Figure 5-2c), 
allowing the base metal to be examined.  However, it was only the Inconel 625 based 
samples that were exposed.  The EDX spectrum (Figure 5-17a) of the exposed Inconel 625 
surface of the InDiAl sample shows that the elemental surface compositions after 
immersion were similar to the In625 AR (Figure 5-12b).  Table 5-2 shows the exposed 
Inconel 625 surface of the InDiAl sample Ni-Cr-Fe-Mo peak-to-peak ratios after 
immersion (28:20:4:8) were similar compared to the AR (23:20:4:7).  The red circle in 
Figure 5-17b indicates the area of the sample where the SEM image was taken.  The two 
areas of the sample are displayed in the SEM image (Figure 5-17c) where the red rectangle 
is the exposed Inconel 625 surface of the InDiAl sample and the left side is the     
(b) 
Figure 5-16: The SEM and EDX Analysis of the Immersed Area of the Exposed 
AL6XN Surface of the SSDi Sample. 
The (a) EDX spectrum, (b) sample, and (c) SEM image (300X magnification) of the 
exposed AL6XN surface if the SSDi sample after immersion.  The SEM image was 























Diamalloy 4006 surface of the InDiAl sample.  The EDX spectrum (Figure 5-17a) was 
taken from the red rectangle area.  
 
For the fourth sample combination where the metals were coated only with ceramic 
coatings (both YSZ and Al coating), several of the exposed metals had comparable Ni-Cr-
Fe-Mo peak-to-peak ratios as the bare metals AR.  The EDX spectrum (Figure 5-18a) of 
the exposed Inconel 625 surface of the InYS sample shows there were elemental 
compositional changes on the surface after immersion compared to the In625 AR (Figure 
5-12b). However, the after immersion peak-to-peak ratios of the major elements (Ni-Cr) 
were similar compared to the In625 AR.  Table 5-2 shows the Ni-Cr-Fe-Mo peak-to-peak 
ratios of the exposed Inconel 625 surface of the InYS sample after immersion (23:20) was 
(b) 
Figure 5-17: The SEM and EDX Analysis of the Immersed Area of the Exposed 
Inconel 625 Surface of the InDiAl Sample. 
The (a) EDX spectrum, (b) sample, and (c) SEM image (250X magnification) of the 
exposed Inconel 625 surface of the InDiAl sample after immersion.  The SEM image 





















similar to the In625 AR (23:20).  The EDX map (Figure 5-18b) shows that the Ni 
(represented by blue dots) dominated the surface.   
 
Similarly, the EDX spectrum (Figure 5-19a) of the exposed AL6XN surface of the SSYS 
sample shows there were elemental compositional changes on the surface after immersion 
compared to the SS AR (Figure 5-12c), but the after immersion peak-to-peak ratios of the 
major elements (Ni-Cr-Fe) were similar to the SS AR.  Table 5-1 shows the exposed 
AL6XN surface of the SSYS sample Ni-Cr-Fe peak-to-peak ratios after immersion 
(8:20:27) were similar to the SS AR (9:20:29).  Both of the EDX maps of the exposed 
Inconel 625 (Figure 5-18b) and AL6XN (Figure 5-19b) surface of the YSZ coated 
samples indicate that the major elements, Ni (for Inconel 625) and Fe (for AL6XN), were 
still dominating the surface composition.   
Figure 5-18: The SEM and EDX Analysis of the Immersed Area of the Exposed 
Inconel 625 Surface of the InYS Sample. 
The (a) EDX spectrum, (b) map, and (c) SEM image (250X magnification) of the 
exposed Inconel 625 surface of the InYS sample after immersion. The colours on the 
elemental map represent: blue is nickel, red is copper, yellow is chromium, purple is 
iron, and green is chloride.   
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 In contrast, the exposed AL6XN surface of the SSAl sample had different elemental 
composition compared to the AR.  The EDX spectrum (Figure 5-20a) of the exposed 
AL6XN of the SSAl sample showed there were elemental compositional changes on the 
surface after immersion compared to the SS AR (Figure 5-12c).  Table 5-2 shows the 
exposed AL6XN surface of the SSAl sample Ni-Cr-Fe-Mo peak-to-peak ratios after 
immersion (8:20:27:98) changed drastically compared to SS AR (33:20:13:10).  The EDX 
map (Figure 5-20b) shows that the Fe (represented by purple dots) was not dominating the 
surface composition.  The Mo increased compared to the other elements peak-to-peak 
ratios.  
 
Figure 5-19: The SEM and EDX Analysis of the Immersed Area of the Exposed 
AL6XN Surface of the SSYS Sample.   
The (a) EDX spectrum, (b) map, and (c) SEM image (300X magnification) of the 
exposed AL6XN of the SSYS sample after immersion. The colours on the elemental 
map represent: blue is nickel, red is copper, yellow is chromium, purple is iron, and 





















The EDX map (Figure 5-20b) of the exposed AL6XN of the SSAl sample also showed that 
there was only a trace of Fe (represented by the purple dots) on the exposed surface.  The 
SEM image (Figure 5-20c) showed that there were also cracks developing on the surface 
of the exposed AL6XN of the SSAl sample.   
 
5.2.2. SEM and EDX Results of Diamalloy 4006 Coating 
There were some Di coating pieces that remained on the surface of the base metal.  The 
EDX spectrum (Figure 5-21a) of the Di surface of the InDi sample showed there were 
elemental compositional changes on the surface after immersion compared to the surface of 
Di AR (Figure 5-12a).  Table 5-2 shows the Di surface of the InDi sample Ni-Cr-W-Mo 
peak-to-peak ratios after immersion (20:20:3:16) were different compared to the Di AR 
Figure 5-20: The SEM and EDX Analysis of the Immersed Area of the Exposed 
AL6XN Surface of the SSAl Sample. 
The (a) EDX spectrum, (b) map, and (c) SEM image (350X magnification) of the 
exposed AL6XN surface of the SSAl sample after immersion. The colours on the 
elemental map represent: blue is nickel, red is copper, yellow is chromium, purple is 






















(28:20:4:4). The Mo peak increased compared to the Ni, Cr, and W peaks. Two areas of the 
sample are displayed in the SEM image (Figure 5-21c) where the red rectangle is the Di 
surface and the bottom of the picture is the exposed Inconel 625 surface of the InDi sample. 
The EDX spectrum (Figure 5-21a) was taken from the red rectangle area.  
 
There were two different ceramic coatings applied on top of Di surface, YSZ and Al 
coatings.  The ceramic coatings fell off the sample surface, so the exposed Di surface of 
ceramic coated samples were examined.  The EDX spectra of both exposed Di surface of 
the InDiYS and SSDiYS (Figures 5-22a and 5-23a) samples shows there were elemental 
compositional changes in the surface after immersion compared to Di AR (Figure 5-12a). 
However, the exposed Di surface of the InDiYS and SSDiYS samples after immersion 
peak-to-peak ratios of the major elements (Ni-Cr) were similar to the Di AR.  Table 5-1 
(b) 
Figure 5-21: The SEM and EDX Analysis of the Immersed Area of the Di Surface of 
the InDi sample. 
The (a) EDX spectrum, (b) sample, and (c) SEM image (250X magnification) of the 
Di surface of the InDi sample after immersion.  The SEM image was taken from the 
red circle area. The EDX spectrum was taken from the red rectangle area. 
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shows the Ni-Cr peak-to-peak ratios of the exposed Di coating of the InDiYS (23:20) and 
SSDiYS (29:20) sample were comparable to the AR (28:20).  The EDX maps in Figures  
5-22 and 5-23 also shows that the Ni (represented by the blue dots) dominates both 
surfaces.  The rectangle in Figure 5-22c shows the exposed Di surface of InDiYS sample 
and the left of the picture shows the exposed Inconel 625 surface of the InDiYS sample.  
 
Figure 5-22: The SEM and EDX Analysis of the Immersed Area of the Exposed Di 
Surface of the InDiYS sample. 
The (a) EDX spectrum, (b) map, and (c) SEM image (300X magnification) of the 
exposed Di surface of the InDiYS sample after immersion.  The EDX spectrum was 
taken from the red rectangular area. The colours on the elemental map represent: blue 
is nickel, red is copper, yellow is chromium, purple is iron, and green is chloride.   
300X 
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In contrast, the EDX spectra of both the exposed Di surface of the InDiAl and SSDiAl 
(Figures 5-24a and 5-25a) samples showed there were elemental compositional changes on 
the surface after immersion compared to the Di AR (Figure 5-12a).  Table 5-2 shows the 
Ni-Cr-W-Mo peak-to-peak ratios of the exposed Di surface of the InDiAl (16:20:6:9) and 
SSDiAl (6:20:9:11) samples changed drastically compared to the InDi AR (28:20:4:4).  
The EDX maps in Figures 5-24 and 5-25 also show that instead of the Ni (represented by 
the blue dots), it was the Cr (represented by the yellow dots) that dominated both surfaces.  
The rectangle in Figure 5-24c shows the exposed Di surface of InDiAl sample and the 
right side is the exposed Inconel 625 surface of the InDiAl sample.  
Figure 5-23: The SEM and EDX Analysis of the Immersed Area of the Exposed Di 
Surface of the SSDiYS sample. 
The (a) EDX spectrum, (b) map, and (c) SEM image (350X magnification) of the 
exposed Di surface of the SSDiYS sample after immersion. The colours on the 
elemental map represent: blue is nickel, red is copper, yellow is chromium, purple is 


























Figure 5-24: The SEM and EDX Analysis of the Immersed Area of the Exposed Di 
Surface of the InDiAl sample. 
The (a) EDX spectrum, (b) map, and (c) SEM image (300X magnification) of the 
exposed Di surface of the InDiAl sample after immersion.  The EDX spectrum was 
taken from the red rectangular area. The colours on the elemental map represent: blue 





























Figure 5-25: The SEM and EDX Analysis of the Immersed Area of the Exposed Di 
Surface of the SSDiAl sample. 
The (a) EDX spectrum, (b) map, and (c) SEM image (250X magnification) of the 
exposed Di surface of the SSDiAl sample after immersion. The colours on the 
elemental map represent: blue is nickel, red is copper, yellow is chromium, purple is 






















5.3 EIS Results 
EIS was used to characterize a material surface condition before and after immersion test 
exposure.  Information such as, film or coating resistance and capacitance of the material, 
may be derived by analyzing the EIS test result.  The electrolyte used for EIS experiments 
was 3.55 w/V% NaCl.  The EIS experiments were performed over a frequency range:       
10 kHz-0.1 Hz, using a 10 mV RMS at OCP. 
5.3.1. EIS before Immersion  
EIS experiments were performed on all the samples before the immersion test in molten 
CuCl.  Typical EIS results are shown in Figure 5-26.   
 
An electric circuit model was selected to fit the data using a non-linear least square fit.  
These circuit elements could be correlated to physical parameters of the material.  There 
are four different metal-coating combinations with circuits selected to model the 
characteristic of the surface (Figure 4-14).  The circuit model in Figure 4-14a was used to 
Figure 5-26: The Nyquist and Bode Plots of Bare Metal and Diamalloy 4006 Coated 
Sample. 
EIS data as (a) Nyquist and (b) Bode plots for InDi and In625.  The red squares are the 









model the samples with a metallic surface, that is, the bare metal and metal coated with Di 
coating.  The ceramic coated samples were modeled and fitted using the circuit model in 
Figure 4-14b.  The circuit model selected to represent the substrate consists of solution 
resistance (Rs), double layer capacitance (QDL), film resistance (Rf) and capacitance (Qf), 
coating resistance (Rc), and capacitance (Cc).  The latter two elements were added to the 
circuit network to compensate for the existence of an additional layer, the ceramic coating.  
The values for each of these elements can be correlated with the physical condition of the 
material tested.  The samples were grouped based on the base material, Inconel 625 and 
AL6XN.   
Figure 5-27 shows of a good data fit for the InDiYS EIS data obtained before immersion 
using circuit model (Figure 5-27b).  Figure 5-27 shows that the calculated and measured 
values are close to each other indicating that the fit is good.  The validity of the data fit was 
confirmed by the low chi squared value which was 2.46 x 10
-4
.  The Nyquist and Bode 
plots for a typical bare metal and Di coated sample are shown in Figure 5-28 and for the 
ceramic coated samples in Figure 5-29.   
 
(b) (a) 
Figure 5-27: The Nyquist Plot of Fitted Data. 
 
The EIS results (a) for InDiYS sample.  The EIS test results were fitted using the 
circuit model shown in (b).  The red line is the calculated or fitted values and the blue 






Figure 5-29: The EIS Result for Ceramic Coated Samples before Immersion. 
 
The (a) Nyquist plot and (b) bode plot for the AR SSAl (blue diamond) and SSYS (red 
rectangle) sample.  Both EIS results were fit using (c) circuit model. 
(a)                                                              (b) 
(c) 
Figure 5-28: The EIS Result of a Bare Metal and Di Coated Sample. 
 
The (a) Nyquist plot and (b) bode plot for the AR InDi (red rectangle) and In625 (blue 
diamond).  Both EIS results were fit using (c) circuit model. 





It was found that the EIS results for the same sample varied from day to day.  Figure 5-30a 
shows three set of EIS results of SSYS sample before immersion that were taken over three 
different days.   
 
It is possible that these sample preparation or cleaning steps changed the structure of the 
sample surface, thus the EIS results were different. The difficulty in aligning the selected 
spot with the opening hole of the cell (described in section 4.4.2.1) also affected the EIS 
(a)                                                                                (b) 
Figure 5-30: Example of Nyquist Plots Taken Over Three Days. 
 
EIS results for (a) SSYS AR and (b) In625 after immersion.  The EIS tests were 
performed on three different days.  The blue diamond is data for day 1, the red 
rectangle is data for day 2, and green triangle is data for day 3.   




results performed on different days. It was difficult to get the exact same spot as the 
previous EIS test. However, after examining the three different EIS results there was no 
particular trend observed which indicated that the variability was random. The three EIS 
results of each sample were fit using the same circuit model. Each of the generated element 
component values was averaged to represent the three different surface conditions of the 
sample.  All measured values are provided in Appendix 10.  The averaged values of the 
EIS fitted component results for the samples before immersion are summarized in        
Table 5-3.   


















In 12 30 20000 230   4.46 x10
-3
  214 
InDi 10 20 17000 100   7.83 x10
-4
 30 
InDiAl 100 50 300 20 40 0.02 2.60 x10
-4
 106 
InDiYS 300 30 600 30 200 0.05 5.41 x10
-5
 100 
InYS 150 40 200 20 1000 300 2.99 x10
-4
 68 
SS 8 20 200 50   5.52 x10
-3
 157 
SSDi 6 150 5000 500   5.80 x10
-3
 37 
SSDiAl 300 70 3000 30 200 0.02 3.49 x10
-4
 147 
SSDiYS 400 10 100 100 200 0.20 7.50 x10
-4
 75 
SSAl 300 70 2000 6 100 0.06 4.48 x10
-4
 60 
SSYS 200 50 30000 150 100 0.07 6.25 x10
-4
 89 
Definition of Rs, QDL, Rf, Qf, Rc, and Qc are provided in Figure 4-14.  Each parameter value 
(including chi-squared and E value) is the average value of the data taken on three different 
days.  
The Rs is the solution resistance of the electrolyte used.  The Rs value of each sample is 
given in Table 5-3. The Rs of the ceramic coated samples tended to have a higher value 
than the non-ceramic coated specimen.  The Rs value of the bare substrate or the metallic 
coated sample was in the range 6-12 Ω, while the ceramic coated samples had higher Rs 




The double layer capacitance (QDL) represents the interface between the surface of the 
sample and the electrolyte.  The QDL values for the samples were similar to each others.  
The QDL values of all the samples were in the range 10-70 μF.  The only QDL value that fell 
out of the range was the QDL value for SSDi (150 μF).   
The Rf value (Table 5-3) represents the film resistance of the material tested.  The In625 
had a higher Rf value (20 kΩ) compared to the other bare metal, SS (200 Ω).  The In625 
had a similar Rf value (20 kΩ) to the InDi (17 kΩ).  In contrast, the SS had a lower Rf value 
(200 Ω) compared to the SSDi (5 kΩ).  The Rf values of the samples sorted from the 
highest to lowest value are shown in Figure 5-31a.  The Rf values chart (Figure 5-31a) 
shows that the samples with metallic surface (bare metal and Di coated sample) tend to 
have higher Rf values.  The SSYS and SSAl had higher Rf value (30 kΩ and 2 kΩ) 




Figure 5-31: Charts of Rf Values of the Sample before and after Immersion. 
 The chart of the samples Rf values (a) the AR (before immersion) and (b) after 
immersion.  The Rf values were plotted on a logarithmic scale.  The Rf values after 
immersion (b) were plot in order of decreasing Rf values. The colours indicate a 
relative change compared to the AR resistance of the base metals (purple and brown 
box for In625 and SS samples) and Di (black box) surfaces Rf values in (a), where red 
represents an increase; yellow represents similar value or no change; and green 





The Qf value represents the film capacitance of the tested material.  The film capacitance 
can be correlated with the film thickness of the material.  The samples with metallic surface 
(bare metal and Di coated sample) had higher Qf values (in the range 50-230 μF) compared 
to the ceramic coated samples (in the range 6-100 μF).   
The Qc and Rc values can be correlated with the coating thickness and resistance.  The Qc 
value can be also associated with the coating capacitance of the sample.  The majority of 
the Rc values of the samples were within the same range (40-200 Ω).  The only sample that 
had a high Rc value was InYS (1000 kΩ).  Similarly, the Qc values of the samples were 
within the range (0.02-0.2 μF).  The only sample that had a high Qc value was, again, the 
InYS (300 μF). 
5.3.2 EIS after Immersion Result 
The EIS obtained after sample immersion in molten CuCl was used to determine the 
material condition after exposure to CuCl for 100 h at 500°C.  The samples were cleaned 
using EDTA solution before performing the EIS measurement.  The samples were stored in 
a sealed container after cleaning.     
The electrical circuit model used to represent the ceramic coated samples condition after 
the immersion test was different from before immersion, except for the metallic coated 
samples.  The majority of the ceramic coatings fell off the immersed area of the sample, 
which was shown in Figures 5-6, 5-7, and 5-10.  Since the coatings were not present, the 
surface originally underneath the coating would be examined instead of the coating.  The 
surfaces analyzed were mostly metallic, so the Randles circuit used to model the before 
immersion metallic surface (Figure 4-14a) was used.  During the immersion test the attack 
by the molten CuCl created different surface conditions compared to the before immersion 
condition and another circuit model was required to fit the EIS results.  Figure 4-14c 
shows the new circuit model where another resistor (Rf2) was added in parallel to the film 
capacitance (Qf) to represent the change in the sample’s surface condition.   
The sample had three different areas of exposure, holder area, interface area, and immersed 
area.  Since the exposure conditions were different over the surface of the samples    




the sample surface.  However, only the surface of the immersed area needed to be analyzed 
for the effects of molten CuCl exposure.  Figure 5-32 shows the areas of each sample 
where the EIS tests were performed.   
 
The change in the EIS result of the sample after immersion was correlated with the changes 
in the surface condition of the sample.  Figure 5-33 shows a typical change in the Nyquist 
Figure 5-32: EIS measurement area on exposed metal and Di surfaces following 
immersion in molten CuCl. 
The area inside the white circle is the area where EIS test was performed.  Picture of 
(a) SS, (b) SSYS showing the exposed AL6XN surface, (c) SSAl showing the exposed 
AL6XN, (d) In625, (e) InYS, the exposed Inconel 625 surface, (f) SSDi, (g) InDi, (h) 
InDiAl showing the exposed Di surface, (i) InDiYS showing the exposed Di surface, 
(j) SSDiAl showing the exposed Di surface, and (k) SSDiYS showing the exposed Di 
surface.  
(a) (d) (b) (c) 
(h) (f) (g) (e) 




plot for a sample before immersion (Figure 5-33a) and after immersion (Figure 5-33b).  
Both the real (x-axis) and imaginary (y-axis) impedance values of the sample (Figure 5-33) 
decreased significantly after immersion.   
 
Similarly to the before immersion EIS data, it was also found that the after immersion EIS 
data varied from day to day.  The EIS of the samples after immersion were performed over 
three days to determine the variability of the sample surface condition (Figure 5-30b).  
Once all the data of the different days were accumulated, the average of the fitted 
component values from the three different days was taken to represent the material 
Figure 5-33: The Changes in the Nyquist Plots of the Sample after Immersion Test. 








condition after immersion (Table 5-4).  The complete table with the percentage error 
included for each parameter is given in Appendix 11. 
















In 7 0.03 12000 0.7  1.68E-03 170 
InDi 8 3 300 40  1.42E-03 89 
InDiAl 9 2 300 30  1.76E-03 86 
InDiYS 9 40 40 100  2.09E-04 69 
InYS 11 0.2 15000 0.2  2.03E-03 40 
SS 7 7 100 90  1.05E-03 130 
SSDi 9 13 3 10 100 2.37E-04 109 
SSDIAl 12 0.3 30 1 310 2.62E-04 120 
SSDiYS 12 3 90 0.3  3.70E-03 119 
SSAl 12 0.2 100 0.2 6000 3.82E-04 117 
SSYS 9 0.2 2000 3  4.15E-03 65 
Definition of Rs, QDL, Rf, Qf, and Rf2 have been provided in Figure 4-14. 
The Rs values of all the samples after immersion were similar to the Rs values of the AR 
bare metal and Di coated sample.  The QDL of the samples after immersion increased 
compared to the AR.  The QDL values of the bare and exposed metals were within in the 
range 0.03-0.2 mF, except for the SS which had a high QDL value (7 mF) compared to the 
other bare and exposed metals.   
Overall, the QDL values for the Di coated samples (0.3-40 mF) were higher compared to the 
bare and exposed metal (0.03-0.2 mF).  The exposed Di surface of the SSDi and InDiYS 
samples had higher QDL values (13 mF and 40 mF) compared to the rest of Di coated 
samples (0.3-3 mF).   
The Rf values of In625 and the exposed Inconel 625 surface of the InYS sample after 
immersion (12 kΩ and 15 kΩ respectively) were similar to the In625 AR Rf value (20 kΩ). 
In contrast, the SS and the exposed AL6XN surface of both SSAl and SSYS (100 Ω, 100 




AL6XN surface of SSYS Rf value (2 kΩ) was greater compared to the other AL6XN 
samples.  From all the bare and exposed metals, the exposed AL6XN surface of the SSAl 
sample was the only sample that required a different circuit model (Figure 4-14c) to obtain 
acceptable fit for the EIS result.  From Table 5-4, the Rf after immersion value for the 
exposed AL6XN surface of the SSAl sample was similar to the SS after immersion.  The 
chart of Rf values for the samples after immersion, sorted from the highest to lowest value, 
is shown in Figure 5-31b. The chart in Figure 5-31b shows that the YSZ coated samples 
and Inconel 625 samples had higher Rf values compared to the rest of the samples.   
The majority of the EIS results for Di coated samples were fitted using the circuit model 
(Figure 4-14a) that was used for Di before immersion.  However, the Di surface of SSDi 
and SSDiAl samples required a different circuit model (Figure 4-14c) to obtain an 
acceptable fit for the EIS result.  The Rf values of the Di surface of Inconel 625 based 
samples (InDi and InDiAl were both 300 Ω) were higher compared to the Di surface of 
AL6XN based samples (SSDi, SSDiAl, and SSDiYS, 3 Ω, 30 Ω, and 90 Ω respectively).  
The Rf values of all the Di surfaces of the samples after immersion (in the range 3-300 Ω) 
were lower compared to Di AR (17 kΩ for InDi AR and 5 kΩ for SSDi AR).    
The Qf of the samples after immersion increased compared to before immersion.  The Qf 
values of the bare and exposed metal were within in the range 0.2-3 mF, except for the SS 
that had higher Qf values (88 mF).  In overall, the Di coated sample had higher Qf values 
(10-100 mF) compared to the bare and exposed metal (0.2-3 mF).  The Di coating of the 
SSDiYS and SSDiAl sample had smaller Qf values (0.3 mF and 1 mF) compared to the rest 
of Di coated samples (10-100 mF).   
The Rf2 values represent the additional resistance required to compensate for the change in 
surface condition after immersion.  The exposed AL6XN surface of the SSAl sample, Di 
surface of the SSDi sample, and the exposed Di surface of the SSDiAl sample had Rf2 
values added to the circuit model to obtain better fitting.  The exposed AL6XN of the SSAl 
sample had the highest Rf2 values (6 kΩ) compared to the other samples (100 Ω and       




6.  DISSCUSION 
After the immersion test, the sample surface appearance showed that the ceramic coating 
fell off the immersed area of the sample.  The EDX and EIS results were consistent with 
the absence of a ceramic coating over the majority of the immersed area of the sample.  
There were two types of exposed surfaces that were initially coated with ceramic coating: 
the base metal and the Di coating.  The exposed surface can be categorized as: protected 
and unprotected surfaces. 
6.1. Coating Adhesion 
In Figure 5-32, it can be seen that the coatings fell off the surface of the sample.  An 
important aspect in evaluating the performance of the coating during the immersion test 
was to determine the cause of the coating disbonding.  There were several possibilities for 
the coating falling off the sample surface.  These possibilities include: 
1. a difference between the coefficient thermal expansion of the sample and coating; 
2. the cleaning process; and  
3. stress or attack from the molten CuCl. 
The coefficient of thermal expansion is important since it determines how material expands 
while heating and shrinks while cooling.  The ceramic material tends to have a different 
coefficient of thermal expansion compared to the metal.  A test to simulate the immersion 
test without the molten CuCl was performed to determine if the coefficient thermal 
expansion caused the coating to crack during heating or cooling.  The test used the same 
pre-heating and cooling process as the immersion test.  Figure 6-1 shows pictures of the 
samples after the test.  The ceramic coating remained on the surface of the sample.  There 
were some changes in the surface colour of the coating which was probably caused by 
oxidation with the atmosphere in the immersion vessel.  However, the coatings remained 
intact on the surface of the sample.  This indicates that differences between the coefficients 
of thermal expansion do not appear to be the cause of coating disbonding.  Figures 5-6b,   
5-7a, 5-7b, and 5-7c show there were several ceramic coatings that remained intact under 
the sample holder which also suggests that heating and cooling of the sample does not 





There were several samples where the ceramic coating remained on the surface after the 
post-immersion cleaning.  However, after rinsing and several sample preparation steps (for 
EIS and SEM), the ceramic coating fell off the surface.  Figure 5-3 shows that the ceramic 
coatings were damaged before the cleaning process.  CuCl was found on the underside of 
the coating and on the exposed metal originally under the coating. This suggests that during 
the immersion test, CuCl was present, remained between the surface of the sample and the 
underside of the coating, and may have acted as an adhesive layer between the two 
surfaces.  After several rinsing and sample preparation steps, some of the CuCl deposits 
dissolved, hence the ceramic coating fell off (Figure 5-11) since there was not enough 
adhesion between the two surfaces. 
One trend that was observed was that there was not any ceramic coating remaining on the 
edges of any of the samples.  This occurrence was also found for the Di coating on the 
immersed area.  The Di coating remained on the sample surface, but not on the edge of the 
sample.  It seems that both the Di and ceramic coatings fell off due to CuCl exposure since 
all of the coatings on the holder area survived.  When the immersion test period was 
reached, the samples were lifted from the crucible to allow the remaining CuCl to drip.  
However, there was still some CuCl on the immersed area of the sample.  There is also a 
possibility that when the CuCl solidified, it shrank and induced more damage to the 
coating.   
The before immersion pictures (Figure 6-2) indicate that the ceramic coatings were not 
uniform and the coating quality around the edge was poor. Figure 6-2d and 6-2f show that 
Figure 6-1: The Samples after a Heating Test without CuCl. 
Figure (a) and (b) shows YSZ coated samples and (c) an Al coated sample. 
 




the coating at the edge was not uniform as indicated by the colour gradient on the sample. 
It is possible that the coating applied was not thick enough so that the colour of the 
underlying surface started to be visible. There was a limitation with the coating application 
method used (Section 4.4.1): the torch gun or spray nozzle could only spray the coating in 
horizontal direction over the sample, which was placed vertically during the spraying 
process.  This method prevented uniformly coating the edge of the sample.  Figures 2-2 
and 2-3 illustrate the application of both ceramic and Di coatings.  Since the sample holder 
could not be tilted and the spray nozzle could only spray the coating in horizontal direction, 
the coating that was applied around the edge of the sample had a poor quality and was not 
uniform.   
 
There is a strong possibility that the poor coating on the edge of the sample made it more 
susceptible to attack by CuCl or stress cracking.  It is possible that the poor quality of 
coating on the edge of the sample allowed the coating to break-down and fall off.  The 
combinations of poor coating quality on the edge of the sample and the attack or stress 
created by CuCl exposure caused the coating to fall off.   
Figure 6-2: The Poor Quality of Ceramic Coatings around the Sample Edge. 
Photographs of an InYS coating showing (a) a crack in the coating, (b) a crack 
between the edge and coating, (c) a chip, (d) thinning of the coating at the edge, (e) 
missing coating at the edge, and (f) poor quality coating at the edge.  
 
(a) (b) (c) 




6.2. Corrosion of Bare Surface 
The corrosion of samples was examined by EIS, SEM, and EDX. The results presented in 
Chpater 5 are summarized in Table 6-1. There were two uncoated surfaces that were 
exposed to molten CuCl, bare metals and Di coating.  The two uncoated bare metals were 
In625 and SS.  The Di coatings were also exposed with no ceramic coating applied.   
6.2.1. Corrosion of Uncoated Bare Metals 
Both of the bare metals samples, In625 and SS, had copper deposits on the surface after 
immersion.  However, the SS sample appeared to have more copper deposits that were 
distributed over more of the surface compared to the In625 sample.  The EDX spectra of 
both bare metals (Figures 5-13 and 5-14) indicated that there was copper present on both 
surfaces.  The Cu (represented by red dots in Figures 5-13b and 5-14b) on either samples 
was not associated with any Cl (represented by green dots in Figures 5-13b and 5-14b) 
which indicated that it was not CuCl precipitated on the surface.  The EDX maps of both 
bare metals confirmed that the Cu elements that were seen on the spectra were Cu deposits.  
The copper deposits were the product of the reduction reaction during the immersion test.  
It is possible that the Fe and Ni of the samples were oxidized and the CuCl was reduced 
during immersion test.   
The In625 sample appeared to have less copper deposited than the SS sample.  Ni is the 
element with highest concentration element in Inconel 625, while Fe is the highest 
concentration element in AL6XN.   When both In625 and SS samples were immersed in 
molten CuCl, a redox reaction occurred on the surface of the samples.  It is possible that Ni 
was less oxidized and more stable than Fe in the reducing CuCl environment.  The anodic 
and cathodic reactions and the standard potentials [5] of Ni, Fe, and Cu are: 
          reaction    = -0.25V (3.6) 
         reaction    = -0.44 V (3.7) 
        reaction    = 0.52 V (6.1) 
The detailed examination of both metals redox reaction is given in Appendix 12.  The      
  
value of the Fe redox reaction (0.96 V) is higher than the Ni (0.77 V) which means it is 




































CuCl.  The characteristics of the Ni and Fe passive layer could also make a difference in 
behavior between the two elements during CuCl immersion.  Shankar et al. [28] and Friend 
et al. [27] stated that Ni alloys tends to suffer minor damage in chlorine-rich environments 
at high temperature since the Ni passive layers are unlikely to dissolve and have a high 
corrosion resistance.  In contrast, Indacochea et al. [18] suggested that the oxidation of iron 
is accelerated in chloride-rich environments.  On immersion in molten CuCl, the Fe passive 
layer was not as protective as the Ni passive layer, therefore, there was more copper deposit 
produced, as more Fe was oxidized.  Uusitalo et al. [20] also reported that the formation of 
nickel chloride has a less negative    than iron chloride. It is possible that the iron element 
tended to react with molten CuCl, therefore SS (an alloy with high Fe content) has more 
copper deposit on the surface compared to In625 (an alloy with high Ni content) since 
nickel passive film has better resistance towards molten CuCl than iron. The amount of Fe 
on the sample can be related to the amount of copper deposits found on the sample surface 
upon molten CuCl exposure.  
The EDX spectra were consistent with the visual observations of both metals.  The EDX 
spectrum in Figure 5-13 shows that the In625 surface composition did not change 
following 100 h immersion in molten CuCl compared to the AR material.  In contrast, the 
surface composition of SS after immersion changed compared to the AR material, indicated 
by more copper deposits on the SS surface and the smaller Fe-Cr peak-to-peak ratio after 
immersion.  The change in the Fe peak is consistent with Fe corroding during the 
immersion test.  It is also possible that both the Cr and Ni film thickness increased, hence 
the Fe peak was lower compared to both the Cr and Ni peaks.  The EDX map of the SS 
sample after immersion also showed that there were corrosion products on the surface.  On 
the left side of Figure 5-14 (red arrow), there was an association between Cl (represented 
by green dots) and Fe (represented by purple dots).  The association suggests iron chloride, 
also a corrosion product, was produced as a result of corrosion that occurred during the 
immersion test.   
The EIS data for both In625 and SS samples were fit using a modified Randles cell with an 
addition of a CPE in series with the resistance (Figure 4-14a or C#1 in Table 6-1).  The fit 




AR condition.  Both Rf values of In625 sample, (the AR and after immersion) were the 
same magnitude indicating that the In625 sample maintained a similar film thickness and 
integrity through the immersion test, in accordance with visual observation and EDX 
results.  The decreased Rf values for SS sample after immersion compared to the AR state, 
indicated that there were changes to the film thickness or integrity after immersion.   
In summary, the visual observation, SEM, EDX, and EIS results indicate that the In625 
sample maintained similar film integrity throughout the 100 h immersion in molten CuCl.  
The visual observation, SEM, and EDX results indicated that there were changes in the 
surface condition of the SS sample after immersion.  However, the EIS result indicated that 
the change in the film structure was not drastic.  The presence of iron chloride and copper 
deposits found on the surface indicated that the SS sample suffered more damages than 
In625.  The results suggest that Inconel 625 performed better than AL6XN in 100 h molten 
CuCl immersion testing. The results are in accordance with the Shankar et al. [28] results 
suggested that the corrosion of high nickel alloy is less severe compared to the corrosion of 
iron.  
6.2.2. Corrosion of Bare Diamalloy 4006 Coating 
The uncoated Di surface samples were exposed to 100 h immersion in molten CuCl.  Part 
of uncoated Di surface fell off the surface after immersion, but there were still Di remained 
on the sample, allowing the Di surface to be examined.  There were also copper deposits 
found on the interface area of the (remaining) Di surfaces of InDi and SSDi sample.  
Similarly with the bare metals, the copper deposits were the result of CuCl reduction during 
the immersion test.  The Di surface of InDi and SSDi samples (Figures 5-15 and 5-16) 
appeared to be darker after immersion testing than the Di AR.  It is possible that an 
oxidation reaction with the immersion test atmosphere caused the coating colour to be 
darkened.  The EDX spectrum of uncoated Di surface after immersion indicated that there 
were changes in the surface composition (Figure 5-21).  The Ni-Cr peak-to-peak ratio after 
immersion (20:20) was lower compared to the AR (28:20).  The Di Mo peak after 
immersion increased compared to the other element peaks. There was a possibility that 
some Ni dissolved during the immersion test, hence the Ni film thickness was reduced. It is 




EDX detector might have received the signals from the underlying surface. The high Mo 
peak is caused by the signal accumulation of the Di coating and underlying surface 
(Inconel 625).   
The Rf values of Di surface AR and after immersion also suggested changes to the surface 
and the film resistivity of the sample (as shown in Table 6-1).  The change of the Di 
surface of InDi and SSDi samples Rf values after immersion was within two orders of 
magnitude (17 kΩ to 300 Ω for InDi sample and 5 kΩ to 3 Ω for SSDi sample). The EDX 
spectrum shows the W peak was still present which indicates that the Diamalloy 4006 
surface was still on the sample. However, the increasing Mo peak compared to the other 
element peaks in the SSDi (Table 6-1) indicates that there were changes in the Di film 
thickness since Mo was not a major element of Di, but is for the underlying AL6XN. This 
argument is also supported by the fact that the EIS results of SSDi required a different 
circuit model (Figure 4-14b) to obtain a good fit. The results show that the Di on the SSDi 
and InDi samples fell off the surface and any remaining film was damaged since there were 
changes in surface composition and film structure. 
6.3. Corrosion of coated specimens  
Since the majority of the coatings fell off the surface, there were several exposed surfaces 
that were analyzed.  There were two types of coatings that fell off the surface, Di and 
ceramics coatings.  Each of these coatings had different exposed surfaces following the    
100 h in molten CuCl immersion test.  The exposed surfaces were grouped into two 
categories, the protected and unprotected surface.   
6.3.1. The Protected Surfaces 
There were two types of protected surfaces, the base metals and Di surface.  Both protected 
surfaces were initially coated with ceramic coatings.   
6.3.1.1. The Protected Base Metals 
There were two types of protected base metals, the base metal coated with Di coating and 





Base Metal Protected by the Di Coating 
Visual observations indicated that both of the exposed base metals had cleaner surfaces 
than uncoated bare metals.  The EDX spectra of both exposed surfaces (Figures 5-15 and 
5-16) show that there was no copper or chloride peak present.  The EDX spectra were in 
accordance with the visual observation: there were not any corrosion products found on the 
exposed base metal surface.  The EIS test could not be performed on the exposed metal 
since the exposed area was smaller than the opening on the e-cell.   It appeared that the Di 
coating provided enough protection during immersion test that the attack on the exposed 
surface was minimized. 
Base Metal Protected by the YSZ Coating 
Visual observations indicated that there were some parts of the exposed base metals 
(Inconel 625 and AL6XN) of YSZ coated samples that had comparable surface appearance 
to both In625 and SS surfaces in the AR condition.  It appeared that the YSZ coating 
protected these underlying surfaces during the immersion test, thus both metals had less 
corrosion than uncoated metal samples that were immersed for the same time.   However, 
there were also CuCl deposits (Figures 5-11b and 5-11d) found on the surface of the base 
metal that was initially covered by the ceramic coating.  It is possible that the CuCl might 
have gained access during the immersion test via the cracks on the edge of the coating or 
through a porous layer of the ceramic coating, and remained between the underlying metal 
and ceramic coating surfaces.   
The SEM and EDX results for the exposed surface of the YSZ coated samples suggested 
the surface composition did not change as a result of the immersion test.  The consistent 
surface composition indicated that the molten CuCl attack of the surface was minimized by 
the presence of the YSZ coating.  EIS results for both the exposed Inconel 625 and AL6XN 
surfaces of YSZ coated samples were successfully fit using a Randles cell with an addition 
of a CPE in series with the resistance (Figure 4-14a or C#1 in Table 6-1), which indicated 
that the film structure of both surfaces did not change much compared to the AR condition.  
Rf values for both exposed and the AR In625 were of the same magnitude as shown in 
Table 6-1.  The similar Rf values suggests that the exposed Inconel 625 surface film 




results.  The decreased Rf values for exposed AL6XN after immersion compared to before 
immersion indicated that there were changes to the film thickness or integrity of the surface 
of the exposed AL6XN.   
Overall, the visual observations, SEM, EDX, and EIS results are show that the surface 
condition of both exposed Inconel 625 and AL6XN had changes compared to the AR 
materials after 100 h immersion in molten CuCl. The changes were not major and the after 
immersion results were still comparable to AR  The results suggest that the YSZ coating 
provided the underlying metal with enough protection that any damage created by exposure 
to molten CuCl exposure was minimized.   
6.3.1.2. The Protected Di Coatings 
The exposed Di coatings that were protected during the immersion test were coated with 
YSZ coating.  Visual observations for the exposed Di surface of InDiYS and SSDiYS were 
that the samples had a lighter colour (Figure 5-7b and 5-7c) compared to the surface of Di 
coating of the InDi and SSDi samples.  The EDX spectra of the exposed Di surfaces of 
InDiYS and SSDiYS samples (Figures 5-22b and 5-23b) showed that the surface 
composition did not change compared to the Di AR.  The YSZ coating protected the 
exposed Di surface throughout the immersion testing, thus the change in surface 
composition was minimized.  The EDX maps of the exposed Di surface of InDiYS and 
SSDiYS samples show that both surfaces were dominated by the Ni (represented by blue 
dots in Figures 5-22 and 5-23).  This indicates that the surface did not change compared to 
the AR material since Ni was still dominating the surface.  
The EIS results for the exposed Di surfaces of the InDiYS and SSDiYS samples were 
successfully fit using a Randles cell with the addition of a CPE in series with the resistance 
(Figure 4-14a).  The fitting results suggested that the film structure did not change after 
immersion which agrees with the SEM results.  However, the Rf values of the exposed 
Diamalloy 4006 surfaces decreased compared to the AR materials, as shown in Table 6-1.  
The decreasing Rf values suggests that the film thickness decreased throughout the 




The visual observations, SEM, EDX, and EIS results of both exposed base metals and 
Diamalloy 4006 coatings support the argument that the YSZ coatings were present and 
protected the underlying surfaces during the immersion test.  The similar behavior of each 
of the exposed surfaces confirmed the consistency of the YSZ coating performance during 
immersion testing. 
6.3.2. The Unprotected Surface 
There were several exposed surfaces that were considered unprotected during the 
immersion test.  The exposed surfaces were the exposed AL6XN and Di coatings.   
6.3.2.1. The Unprotected AL6XN 
Similar to the SS sample, visual observation of the exposed AL6XN surface of the SSAl 
sample indicated that there were copper deposits on the surface of the sample (Figure       
5-10b).  The Cu was deposited over all the surface of the sample.  The EDX spectrum 
(Figure 5-20b) shows that the Fe peak diminished compared to Ni-Cr-Mo peak-to-peak 
ratios, which suggested (in agreement with the visual observation) the exposed AL6XN 
surface of SSAl sample, was damaged.  The Mo-Fe ratio content of exposed AL6XN 
surface of SSAl sample after immersion changed compared to the SS AR. It is possible that 
Ni, Cr, and Fe dissolved during molten CuCl exposure, hence the Ni-Cr-Fe peak-to-peak 
ratios were lower compared to Mo.   
The EIS results for the exposed AL6XN surface of SSAl required using a different circuit 
model than the SS AR.  A Randles circuit with the addition of an R-C network in series 
with the resistor (Figure 4-14c or C#2 in Table 6-1) was used to fit the EIS results.  The 
Rf2 element was added to the circuit to compensate for the change in the film structure due 
to the damage caused by molten CuCl exposure.  The Rf value of the exposed AL6XN 
surface of SSAl was similar to the Rf value of SS sample after immersion, indicating both 
surfaces had similar film thickness.  However, the SEM image of the exposed AL6XN 
surface of SSAl sample (Figure 5-20) suggested there were cracks developing on the 
surface of the sample.  The change in the film structure of the sample changed the surface 
area of the sample. It appeared there was a correlation between the high Rf2 value (6 kΩ) 




because Al coating was not protecting the underlying surface while the sample was 
exposed to molten CuCl.   
The timing of the Al coating falling off during the immersion test was not clear.  However, 
the results suggest that the Al coating fell off early during the immersion test, thus there 
was more damage discovered on the exposed surface.  The similarity of results for the SS 
and exposed AL6XN indicates that both surfaces were exposed as if no coating was 
protecting the metal during the exposure to molten CuCl.   
6.3.2.2. The Unprotected Di Coating 
The colour of the exposed Di surface of InDiAl and SSDiAl samples were darker than the 
exposed Di surface of InDiYS and SSDiYS samples and similar to the uncoated Di 
surfaces (InDi and SSDi).  The EDX spectra (Figures 5-24 and 5-25) of exposed Di 
surfaces of InDiAl and SSDiAl also indicated that there were changes to the surface 
composition compared with the AR material.  The Ni peak diminished relative to the Cr-Fe 
peaks.  The EDX maps (Figure 5-24 and 5-25) suggested that both exposed Di surfaces of 
InDiAl and SSDiAl samples were dominated by Cr.  It is possible that the Ni of the 
exposed Di surface of Al coated samples corroded since the Al coating fell off during 
immersion test.  It is also possible that the Cr passive layer grew during the CuCl exposure, 
thus the Cr element was dominating the spectra.  The EIS results of the exposed Di coating 
were fit using the Randles circuit with an addition of R-C network in series with the 
resistor (Figure 4-14c or C#2 in Table 6-1) which suggested there were changes to the 
film structure compared to the Di AR.  The film thickness of the exposed Di surfaces of Al 
coated samples were also smaller since the Rf values were smaller compared to Di AR.   
The visual observation, SEM, EDX, and EIS results of the uncoated and the exposed Di (of 
Al coated samples) surfaces were similar.  This similarity suggests that the Al coatings 
applied were damaged early during the immersion test, thus the exposed Di surfaces were 
immersed as if no Al was applied in the first place.   
6.4. Summary 
The ceramic coating was intended to protect the underlying surface from molten CuCl 




ITV, it appeared that the coatings were damaged and fell off.  The samples were cleaned 
for the surface analysis tests.  Once the samples were cleaned, the coatings fell off the 
surface in different ways which suggested several possible reasons for the coating falling 
off.  From the sample appearance it has been concluded that coating fell off because of a 
combination of poor quality coating at the edge of the sample and molten CuCl exposure.  
The majority of the coating damage occurred around the edge of the immersed area.  In 
contrast, the area that was covered by sample holder during immersion test remained intact.  
There is also a possibility that the molten CuCl might have gained access to the underlying 
surface through the cracks developed or the porous layer of the coating.  The CuCl then 
remained on the sample surface and acted as an adhesive layer holding both the sample 
surface and coating so that it appeared that the coating survived the immersion test.   
There were several products found on the surface of the sample following immersion 
including, copper, iron chloride, and CuCl.  Both the copper deposits and iron chloride 
were the result of redox reactions between the sample and molten CuCl.  During the 
immersion test, the CuCl was reduced and deposited Cu on the surface, while the Fe or Ni 
in the sample surface was oxidized.  This phenomenon also explained the surface 
composition changes seen in the EDX results of several samples.  The iron chloride, found 
on the SS sample was the result of reaction between Fe and molten CuCl.  On the other 
hand, the CuCl deposits were the result of the molten CuCl that gained access to the 
underlying surface during immersion and was trapped under the coating afterwards.  The 
trapped CuCl deposits could not be completely removed because there was coating that was 
covering the deposits.   
The exposed base metals of both Di and ceramic coated samples were compared to the AR 
bare metal and to each other.  The exposed Di surfaces of the ceramic coated samples were 
compared to the AR Di surface and each other.   
The visual observation, SEM, EDX, and EIS results indicated that the In625 sample 
performed well during 100 h immersion in molten CuCl.  In contrast, the SS sample 
behaved differently and there were some changes in the surface composition. More 
corrosion products (iron chloride and copper deposits) were found on the surface of the SS 




performed better.  The Ni has better passive layer and lower oxidation potential than the Fe 
which generally affects the behavior of each metal redox reaction.   
The exposed base metals of the coated series of samples showed that the Di coatings 
protected the underlying surface since there was less corrosion damage on the surface of 
the exposed metal.  The Di had similar material composition to Inconel 625 which is 
probably the reason the coating performed well and protected the underlying surface during 
the molten CuCl exposure.  However, the Di coatings were still susceptible to damage 
since the surface composition of the uncoated Di surfaces also changed upon exposure to 
molten CuCl.   
By comparing the exposed base metals and Di surfaces of the YSZ and Al coated samples, 
the YSZ coating appeared to offer better protection than the Al coating.  Exposed      
Inconel 625, AL6XN, and Di surfaces of the YSZ coated samples showed that the surface 
composition was not affected by molten CuCl immersion. The EIS results indicated that the 
film integrity of the In625 sample was less affected by immersion than the SS and Di 
surfaces.  Table 6-1 shows that the EDX and EIS results for YSZ coated samples are 
comparable to the AR results. The YSZ coating might have remained on the surface longer 
and provided protection for the underlying surface, thus the damage caused by molten 
CuCl exposure was minimized.    
The exposed AL6XN and Di surfaces of the Al coated samples behaved differently since 
there were some cracks found on the sample surface.  The EIS results indicated that there 
were changes in the film integrity and structure of the exposed AL6XN and Di surfaces of 
the Al coated sample.  There were similarities between the results of the exposed metal (of 
the Al coated samples) and the uncoated samples after immersion.  It is possible that the Al 
coating fell off early during immersion test, hence the underlying surfaces were exposed to 








Immersion tests were performed to evaluate selected candidate materials corrosion 
performance in a molten CuCl environment similar to a hydrogen plant.  Two alloys with 
high Ni content, Inconel 625 and AL6XN (stainless steel), were selected for base metals.   
The bare metals performances were evaluated based on the change on surface condition 
including surface appearance, elemental composition, and film structure.  The bond coat, 
Di coating was evaluated based on the Di surface condition, the integrity of the coating, 
and the surface condition of any exposed metal (that was initially underneath the Di 
coating).  Similarly with the bond coat, the top coatings performance was also evaluated 
based on exposed surface condition of the Di and base metal (both were initially covered 
by ceramic coating) after immersion.  There were several conclusions made after analyzing 
the results. 
 An immersion apparatus were successfully designed to perform molten CuCl 
immersion test at 500 °C for extended periods of time (up to 100 h).  The 
immersion tests were performed in a safe manner with minimum supervision 
continuously, and without having to stop the experiment. 
 
 The majority of the coatings (Di and ceramic) fell off the sample after immersion 
test. The cleaning process and the thermal expansion effect (due to metal and 
ceramic different coefficient of thermal expansion) were eliminated as the cause of 
the coating disbonding. The results suggested that the coatings fell off due to the 
combination of the molten CuCl exposure and the poor quality of coating around 
the edge of the sample.  The poor quality of the coating was caused by the sharp 
edge of the sample and the limitation in the spraying method.  It was possible that 
the CuCl gained access (from the coating pore) and remained in the underlying 
surface, causing the coating to fall off.   
 
 There was several reaction products discovered on the sample surface after 
immersion test.  Iron chloride was found on the SS sample.  Copper deposits were 




exposed area of the ceramic coated samples.  The results suggested that the 
corrosion reaction involved the reduction of the copper while the metal (Fe or Ni) 
was dissolved in the molten CuCl.  The change in elemental composition of the 
surface of the immersed area of the sample suggested that there was some metal 
dissolution occurring during immersion test.   
 
 The visual observations, EIS, SEM, and EDX results indicated that Inconel 625 
performed better than AL6XN.  There were more corrosion products found on the 
SS sample compared to In625 sample indicating that there was more reaction 
occurring on the SS surface.  The film structure of AL6XN changed following 
immersion, which was indicated by the EIS results, whereas the Inconel 625 film 
structure remained similar to that measured before immersion.   
 
 The Di coating provided protection to the underlying metal, as indicated by a 
similar surface appearance as metals before immersion.  The EDX results of both 
exposed Inconel 625 and AL6XN surfaces of InDi and SSDi samples also suggest 
that the surface elemental compositions were unchanged following immersion.   
 
 The YSZ coating provided more protection than the Al coating.  The analysis of the 
exposed surfaces of the samples concluded that YSZ provided better and longer 
protection since the exposed metal (including Di) surfaces of YSZ coated samples 
had comparable surface appearance and element distribution composition to the AR 
material.  There were changes in the surface elemental distribution and film 
structure of the exposed metals that were coated with Al coating.  
 
 The EIS results varied for experiments performed on different days.  Factors such 
as sample preparation, the limitation with the cell, and the inability to select the 
exact spot were the reason for the variance in the EIS results.  It appears that EIS is 
a very sensitive monitoring tool that will observe any slight change in the surface of 





8. FUTURE WORKS 
There are several future works that can be done to improve the study of the effect of molten 
CuCl to the candidate materials.  There were some limitations encountered during 
completing the work of this thesis, such as time, cost, and limitation associated with 
experimental setup.  The recommended future works are: 
 The immersion tests should be performed for different time period of exposure so 
that the progressive effect of molten CuCl on the selected materials can be 
determined and analyzed.  Having several different time periods of exposure will 
provide more information of the effect of molten CuCl instead of having just one 
period of exposure.   
 
 The time that the coating fell off was unknown.  By performing an immersion test 
for a shorter period, the cause of the coating falling off may be determined.  If the 
coating fell off after a short period of exposure, it may suggest that there are some 
problems associated with the sample shape and coating method used.  The shape of 
the sample can be changed into a shape that is more desirable to be coated.  A round 
circular shape will be easier to coat and could also remove the sharp edges 
limitation, thus a better quality of the coating.  The sample with sharp edges is more 
susceptible to damage compared to a bulky round surface.   
 
 One of the limitations resulting from the coating falling off was the inability to 
perform a cross-section on the immersed sample.  Cross-section views of the 
immersed metal with intact coating could show if there was CuCl penetrating into 
the porous layer.  The structure of the porous network build-up on the coating after 
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Appendix 1: The Detailed Specification for Immersion Test Apparatus 































Appendix 2: The Specifications of VersaStat 3 
 
Specification 
Automatic Noise Filters Enabled 
Voltage Compliance ±12 V 
Current Compliance ± 650 mA 
Potentiostat Bandwidth 1 MHz 
Slew Rate >8 V/µs  
Rise Time (-1.0 V to +1.0 V) <350 ns 
Applied Voltage Range ± 10 V 
Applied Voltage Accuracy ± 0.2% of value ±2 mV 
Maximum Scan Rate 5000 Vs
-1 
 
Maximum Scan Range ± 10V / 300µV 
CMRR 60 dB at 100kHz 
Voltage Range ±10 V 
Minimum Resolution 6 µV 
Voltage Accuracy ± 0.2% of reading, ±2 mV 
Current Range 650 mA to 200 nA 
Current Accuracy ± 0.2% or reading, ±0.2% or range 
Mode Potentiostat/Galvanostatic 
Frequency Ranges 10 µHz to 1 MHz 
Minimum AC Voltage Amplitude 0.1 mV RMS 
Sweep Linear or Logarithmic 
















The majority of the materials used were SS316 and fused quartz.  The vessels in Figure 
A3-1 that are coloured as white were made of fused quartz, except for the scrubber body 
(6). The scrubber body was the only glassware that was made of borosilicate. All the 
parts (rods, nuts, and plates) of the lifting and turning device were made of SS316. The 
two T’s that were used to connect the inlet tube, pressure relief, and the tubing for the 
lifting rod were made of SS316. The O-rings that were attached in every the ball and 
socket joints were made of rubber.  
 





Appendix 4: Chlorine Gas Approximation 
 
        
 
 
    
(4.1) 
The Gibbs free energy is estimated to determine if the reaction is spontaneous or not 
spontaneous. 
                                  
 
              (A4.1) [39] 
Where,  
  = enthalpy,  
  =entropy,  
  =temperature,  
   = standard Gibbs free energy, 
 
 
                                                                           
From the thermochemical values for pure substance [43], 
Element 
  @973K 
(kJ/mol) 
  @973K 
(J/K mol) 
    25.58 266.82 
   18.73 64.98 
     -100.82 177.78 
 
                                                  
      
       
   
        
       
   
     
         
   
  
         
    
  
      
       
    
        
      
    
       
       
    
   
       
     
  
                                                          
When     > 0, the reaction is not spontaneous in the forward direction.  However, in 
order to approximate the amount of      that could be generated at equilibrium at 700˚C 




            (A4.2) [39] 
Where,  
 = gas constant = 8.31 J/K mol, 
  =Equilibrium constant. 
      
      
  
  
                       
     
    
         
        
                          
    
         
   
    
      
 (A4.3) [39] 
                      
   
               
Dalton’s law of partial pressure indicates the total pressure exerted equals to the sum of 
partial pressure of the gaseous mixture [36].  The partial pressure of the     is directly 
proportional to the volume of     compared to the total volume which is the 
concentration of    .  Therefore, the concentration of     is 0.93 ppm.  This approximated 
concentration of     that could be generated from the reaction is considerably smaller 
than the limit of exposure in MSDS for chlorine gas [40].  The safety regulation from 
NIOSH (National Institute of Occupational Safety and Health) stated that at 10 ppm is the 
concentration limit for chloride gas exposure that can be immediately dangerous to life or 
health (IDLH) [40].  In the event of a direct exposure (with no respirator or during 
respiratory failure), the operator is recommended to exit the laboratory within 30 minutes 











Appendix 5: EIS Test Experiment Procedure 
1. Rinse the beaker and graduated cylinder with both tap and distilled water three 
times.  Determine what type of solution is required as the electrolyte, and how 
many grams of a salt required.  Weight carefully the mass and make the solution 
using de-aerated distilled water.  Once the solution has been made, purge with 
argon gas for 5 minutes to remove all the oxygen in the solution.   
 
2. Wash the cell with both tap and distilled water three times each and use a funnel 
to pour the solution into the cell.  Make sure there are no bubbles formed in the 
tube inside of the reference electrode housing because it could disturb the stability 
of the potentiostat and create a false reading.  If there is a bubble formed, press 
the top of the luggin well (Figure 4-2e) with your thumb to break the bubble.  
Shaking the flat cell could also help to break the bubble.   
 
3. Rinse the reference electrode with distilled water and place it in the luggin well in 
the cell.  Rinse the counter electrode and place it in the counter electrode 
compartment on the left of the cell. Purge the cell using argon gas for 5 minutes. 
 
4. Rinse both sides of the sample and turn the flat cell 90° to the side so that the 
sample can be clamped into the cell.  Place the o-ring on the desired area to be 
tested and then place it on top of the opening hole of the flat cell.  Make sure that 
there are no bubbles within the cell and shake the flat cell upside down twice to 
remove any bubble build-up on the working electrode after clamping the sample.  
There is a possibility of a bubble trapped in the luggin capillary.  This can be 
removed by pressing your thumb on the luggin well (Figure 4-2e), allowing the 
bubble to be removed from the luggin capillary.   
 
5. Turn on the potentiostat and wait for 5 minutes for the system could warm-up.  
Connect each alligator clip to the flat cell: green lead is for the working electrode; 





6. Run the OCP test for 5 minutes or wait until the potential (E) stabilizes.  Start the 
Potentiostatic EIS experiment and set the parameters: frequency range of 30 kHz-
0.1Hz, amplitude of 10 mV RMS, DC vs OCP, data quality of 5, and auto current 
range.  Set up the display plot as Nyquist, Bode, and Phase angle plot.   
 
7. Make sure that all the plots do not have irregular shape or spikes and the starting 
potential value is similar to the potential in OCP test.  When the overload sign 
appear shut-down the experiment immediately and restart. 
 
8. Look at the pre-selected spots on the sample and for every spot, takes three EIS 
readings in each spot to confirm the validity of the result.  Once all the readings 
have been taken, make sure that the EIS experiment is off and remove all the 
connections (alligator clip) from the e-cell.   
 
9. Change the position/removing the sample from the e-cell, clamp the inlet and 
outlet gas tubing, flip the cell 90° counter clockwise, remove the tested sample 
from the cell, rinse the new sample, and place it into the flat cell. 
 
10. After clamping the sample, gently shake the flat cell to remove any bubbles 
formed on the electrode and sample, and press the luggin well with thumb so that 
any bubbles trapped in the luggin capillarity are removed. 
 
11. When the whole set of EIS experiments are completed, rinse the sample with 
distilled water three times before putting it into the oven (80 °C) for drying.  Once 
dried, store the sample in a sealed container.   
 
12. The reference electrode must be taken out of the cell, rinsed three times with 
distilled water, and stored into its filling solution.  The flask filled with saturated 





Appendix 6: % Error of the Dummy Cell Test. 
The experiment was performed using a dummy cell shown in Figure A6-1.  
 
The formula used to calculate Z’ and Z” were: 
       
  
         
  (A6.1) 
     
    
     
         


















315478.70 5.00 -0.0011 5.16 0.4890 3% 45635% 22819% 
250593.60 5.00 -0.0014 5.13 0.2808 3% 20871% 10437% 
199053.60 5.00 -0.0017 5.15 0.2187 3% 12946% 6475% 
158113.90 5.00 -0.0021 5.16 0.1548 3% 7324% 3664% 
125594.30 5.00 -0.0027 5.18 0.1133 4% 4301% 2152% 
99763.12 5.00 -0.0034 5.19 0.1008 4% 3069% 1536% 
79244.66 5.00 -0.0043 5.21 0.0734 4% 1817% 911% 
62946.27 5.00 -0.0054 5.21 0.0544 4% 1111% 558% 
50000.00 5.00 -0.0068 5.22 0.0346 4% 610% 307% 
39716.41 5.00 -0.0085 5.22 0.0184 4% 316% 160% 
31547.87 5.00 -0.0107 5.22 0.0174 4% 262% 133% 
25059.36 5.00 -0.0135 5.22 0.0027 4% 120% 62% 
19905.36 5.00 -0.0170 5.22 -0.0155 4% 9% 7% 
15811.39 5.00 -0.0214 5.23 -0.0281 5% 31% 18% 
12559.43 5.00 -0.0270 5.23 -0.0415 5% 54% 29% 
9976.31 5.00 -0.0340 5.24 -0.0500 5% 47% 26% 
7924.47 5.00 -0.0428 5.24 -0.0613 5% 43% 24% 
6294.63 5.00 -0.0538 5.24 -0.0737 5% 37% 21% 








3971.64 5.00 -0.0853 5.25 -0.1120 5% 31% 18% 
3154.79 5.00 -0.1073 5.26 -0.1358 5% 26% 16% 
2505.94 5.00 -0.1351 5.27 -0.1669 5% 24% 14% 
1990.54 5.01 -0.1700 5.27 -0.2024 5% 19% 12% 
1581.14 5.01 -0.2139 5.28 -0.2490 5% 16% 11% 
1255.94 5.01 -0.2690 5.29 -0.3085 6% 15% 10% 
997.63 5.02 -0.3380 5.31 -0.3772 6% 12% 9% 
792.45 5.04 -0.4244 5.32 -0.4671 6% 10% 8% 
629.46 5.06 -0.5321 5.36 -0.5859 6% 10% 8% 
500.00 5.09 -0.6654 5.40 -0.7138 6% 7% 7% 
397.16 5.14 -0.8289 5.46 -0.8848 6% 7% 7% 
315.48 5.22 -1.0266 5.57 -1.0914 7% 6% 6% 
250.59 5.34 -1.2599 5.70 -1.3090 7% 4% 5% 
199.05 5.52 -1.5253 5.91 -1.5621 7% 2% 5% 
158.11 5.78 -1.8103 6.21 -1.8323 7% 1% 4% 
125.59 6.13 -2.0894 6.56 -2.0530 7% 2% 4% 
99.76 6.58 -2.3239 7.02 -2.2288 7% 4% 5% 
79.24 7.11 -2.4697 7.56 -2.3129 6% 6% 6% 
62.95 7.68 -2.4932 8.06 -2.2782 5% 9% 7% 
50.00 8.24 -2.3888 8.54 -2.1400 4% 10% 7% 
39.72 8.72 -2.1813 8.95 -1.9255 3% 12% 7% 
31.55 9.11 -1.9132 9.26 -1.6869 2% 12% 7% 
25.06 9.40 -1.6267 9.50 -1.4304 1% 12% 7% 
19.91 9.60 -1.3521 9.68 -1.1773 1% 13% 7% 
15.81 9.74 -1.1065 9.79 -0.9756 1% 12% 6% 
12.56 9.83 -0.8960 9.87 -0.7901 0% 12% 6% 
9.98 9.89 -0.7205 9.92 -0.6373 0% 12% 6% 
7.92 9.93 -0.5769 9.96 -0.5108 0% 11% 6% 
6.29 9.96 -0.4605 9.98 -0.4103 0% 11% 6% 
5.00 9.97 -0.3670 10.00 -0.3270 0% 11% 6% 
3.97 9.98 -0.2921 10.01 -0.2604 0% 11% 6% 
3.15 9.99 -0.2323 10.01 -0.2084 0% 10% 5% 
2.51 9.99 -0.1847 10.02 -0.1658 0% 10% 5% 
1.99 10.00 -0.1468 10.02 -0.1352 0% 8% 4% 
1.58 10.00 -0.1166 10.02 -0.1048 0% 10% 5% 
1.26 10.00 -0.0926 10.02 -0.0839 0% 9% 5% 
1.00 10.00 -0.0736 10.02 -0.0680 0% 8% 4% 
0.79 10.00 -0.0585 10.02 -0.0558 0% 4% 2% 




0.50 10.00 -0.0369 10.03 -0.0329 0% 11% 6% 
0.40 10.00 -0.0293 10.02 -0.0297 0% 1% 1% 
0.32 10.00 -0.0233 10.03 -0.0220 0% 5% 3% 
0.25 10.00 -0.0185 10.03 -0.0186 0% 1% 0% 
0.20 10.00 -0.0147 10.03 -0.0118 0% 19% 10% 
0.16 10.00 -0.0117 10.03 -0.0110 0% 6% 3% 
0.13 10.00 -0.0093 10.02 -0.0080 0% 14% 7% 
0.10 10.00 -0.0074 10.02 -0.0098 0% 33% 16% 
 
Z’ (Calc) = calculated impedance real value 
Z” (Calc) = calculated impedance imaginary value 
Z’ (Exp) = experimental impedance real value 
Z” (Exp) = experimental impedance imaginary value 
Z’ % Error = Percentage error of impedance real value 
Z” % Error = Percentage error of impedance real value 






Appendix 7: The Measurement of CuCl Density 
The volume of the CuCl powder changes once it is melted.  The initial volume of the 
CuCl powder needs to be approximated based on the density of the molten CuCl.  
However, the data for the density of molten CuCl at 500 °C was not available.  A rough 
measurement was performed to approximate the density of CuCl in the liquid state.  The 
amount of the CuCl powder needed to cover the sample to be approximated so that the 
sample holder is not in contact with molten CuCl when the samples are immersed.   
It was hard to perform a density measurement on a molten CuCl due to high operating 
temperature (500 °C).  The rough measurement method was done by filling a 50 ml 
crucible with molten CuCl.  Since the mass of the CuCl does not change, the density of 
the molten CuCl can be found by weighing the CuCl that remained in the crucible.   
The fused quartz crucible (the crucible specification is given in Appendix 1) was used 
since the CuCl measured was molten.  The crucible was placed in a vessel at the same 
time as the CuCl power was melted.  Once the CuCl powder melted, the molten CuCl 
was poured into the crucible until it was full.  The molten CuCl was allowed to solidify 
and cool down before measuring the weight of the crucible containing the solidified 
CuCl.  The total mass of the crucible with the solidified CuCl was 167.9 ± 0.1 g.  The 
mass of the crucible used was measured (33.4 ± 0.1 g) before starting the experiment.  
Hence, the net weight of the solidified CuCl was 134.5 ± 0.2 g.  The volume of the 
crucible was 50 ± 7.5 mL.  Since the molten CuCl filled the crucible, the density of CuCl 
at molten state can be found using: 
            (A7.1) 
where,  
  is density, 
m is mass : 134.5 g, 
  is volume: 50 mL.   
      
     
  




The density of the molten CuCl decreased compared to the density of the CuCl powder.  
The density of CuCl powder that was taken from the MSDS sheet from Fisher Scientific 
is 4.14 g/mL.  There were also several factors that might contribute in the error 
considering that this was a rough measurement.  The factors were: 
1. During the pouring process, there might be some of the molten CuCl that was 
spilled around the outside wall of the crucible.  The spilled CuCl was cleaned 
from the outside wall of the crucible by immersing the outer part of the crucible in 
HCl solution, but there were still some of the CuCl that still remained on the 
outside wall of the upper side of the crucible.  The remaining CuCl could not be 
cleaned since there is a chance that the HCl solution might get into the crucible.  
However, since it was just a trace of CuCl, the amount of remaining CuCl on the 
upper side of the crucible is negligible. 
 
2. The protection that required to be worn while handling molten CuCl prevented the 
operator to get a clear vision of the crucible while pouring the molten CuCl.  The 
experiment was also performed inside the fume hood which also restricted the 
movement space of the operator to ensure that the crucible was poured until it was 
filled.  However, the CuCl spill trace on the outside wall of the crucible indicates 
that the molten CuCl filled the crucible full.   
Despite the limiting factors, the rough approximation still had to be done to prevent 
immersing the sample holder during immersion test.  The error generated from the 
weighting scale combined with these limiting factors were considered small, thus are 
negligible.  Using the approximated density of the molten CuCl, how much CuCl powder 
was needed to fill the crucible can be determined since the mass of CuCl will be the 







Appendix 8: Immersion Experiment Procedure 
1. Wash all vessels, tubing, and samples using tap water, rinse three times with 
distilled water until there is no deposit/residual left in the vessel. 
 
2. Measure the height of the crucible and mark the height to be filled with CuCl 
powder into the quartz crucible based on the height mark assigned in each 
crucible.   
 
3. Place the crucibles on the bottom plate of the lifting and turning device and 
arranged them based on their assigned number to avoid mixing up the samples 
(Figure 4-7b).   
 
4. A numbered clamp is assigned to each sample to hold the sample.  Place the 
sample between the plates and tighten the two screws to grip the sample (Figure 
4-11b).  Caution is required to avoid tighten the clamp since it could crack or 
damage the coating.  Wrap a stainless steel wire around the screws and tied it into 
the top part of sample holder based on the arrangement made.   
 
5. Carefully place the lifting and turning device with the crucibles into the vessel.  
Place the lifting plate on top of the pillars and made sure that the position of each 
hole is close to the pillar. 
 
6. Apply the high-temperature grease to the gasket and the lid of the ITV.  Place the 
lid and gasket on the vessel body and clamp using the C-clamp.  Make sure that 
the clamp is properly tightened to create a perfect seal around the immersion 
vessel. 
 
7. Place the ITV in the heating mantle and connect the controller to the heater.  





8. Insert the thermocouple into the fused glass tube thermo-well to ITV through one 
of the tubing (Figure 4-7e).  Make sure that the thermocouple does not contact 
the copper chloride since it could damage the thermocouple.  Make sure that the 
compressed fitting do leak.  This was done by spraying the joints of the 
immersion system with soapy water and looking for bubbles at any leak within 
the joint.   
 
9. Wrap the teflon tape on the joint between steel tubing and the glass tube.  Place 
the input gas tubing into the ITV and made sure that the clamp is tight and secure 
so that the gas input tube does not come loose once the gas flow starts.   
 
10. Wrap both ends of the tubing with teflon tape and attach the O-ring.  Assemble 
the connecting tubing (Figure 4-5f) connecting the ITV to the condenser, 
clamped it properly, and check for leaks between the joint  
 
11. Assemble the condenser and connect it to the scrubber (Figure 4-5i).  Attached 
the discharge tubing from the pressure relief device to one of the tubing      
(Figure 4-5g) on the lid. 
 
12. Fill the scrubber with water (4.5 L) and sodium bicarbonate (390 g).  Drop the 
plastic beads into the solution to reduce the size of bubble formed.  Wrap a wire 
mesh to the end of the tube on the scrubber’s lid that is going into the solution.   
 
13. Place all the power cords for the system into the power bar that is connected into 
the thermal cut-off system and set the temperature limit to 550 °C.   
 
14. Wrap the top part of the main vessel ITV with a fibreglass cloth to reduce heat 
loss.   
 
15. Purge the vessel using nitrogen gas for 30 minutes at 50-70 mL/min to purge 




16. Turn on the heating mantle and set the temperature to 520 °C until the inside 
temperature has reached 500 °C.  Continue purging the nitrogen gas for another 
15-20 minutes before reducing the nitrogen flow to 20 mL/min.  This flow rate is 
kept for the entire length of the immersion test.  Make sure when the nitrogen gas 
is being purged, the solution in the scrubber is bubbling to indicate that the 
exhaust gas flow is maintained by the immersion test system.   
 
17. Open the opening cap (Figure 4-9) and released the lifting rod to start immersing 
the samples (Figure 4-7b).  Close the opening cap and made sure there is no leak 
by spraying it with soapy water.   
 
18. During the course of the immersion test, check for leaks and the bubble regularly, 
3 times a day, to ensure that the immersion system does not leak.  Check the 
inside temperature of the ITV and make sure it stays at 500 °C.   
 
19. Once the immersion test period is reached, open the opening cap and lift the 
lifting rod, rotate it, and rest the plate on the three pillars (Figure 4-7a).  Leave 
the sample in lifting position for 4 hours with the heater turn-on to allow the 
molten CuCl to drip-off.   
 
20. Gradually reduce the heater controller temperature to allow the immersion test to 
cool while maintain the nitrogen gas flow at 20 mL/min.  Allow the inside of ITV 
to be cooled slowly and constantly check the handheld thermocouple thermometer 
until the temperature is at room temperature.   
 
21. Once the ITV inside temperature is at room temperature, shut-off the nitrogen gas 








Appendix 9: The Post-Immersion Cleaning Process 
1. Cut the SS316 wire that is attached to the top plate of the lifting and turning 
device and bend the wire to make it shaped like a hook.   
 
2. Prepare the saturated EDTA using 1 litre of distilled water and 2 ± 0.001 g of 
EDTA.  Firstly, heat the Heat the distilled water until it reaches 80 °C before 
adding the 2 g of EDTA.  Place the solution into a 1.5 L beaker and place it on a 
hot plate magnetic stirrer (80 °C) and set the stirrer at 75 rpm.  Make sure that the 
solution is colourless. 
 
3. Take the wire and hook it into the side of the beaker and ensure that the sample is 
not touching or close to the magnet strip that is rotating on the bottom of the 
beaker.   
 
4. While the sample is being immersed, prepare another EDTA solution (repeat step 
2) while observing the change of colour of the cleaning solution.  Once the colour 
has changed into blue-green colour, retrieve the sample from the current solution 
and move it to the new solution. 
 
5. Take the old solution and dispose it in the provided waste bucket.   
 
6. Repeat step 4 until the colour of the solution remains colourless while the sample 
is being immersed inside the solution.  Once there is no change in the solution 
colour, retrieve the sample and allow it to be air cooled for 10-15 minutes.  Once 
the sample is cooled, rinse it with distilled water for several times.   
 
7. Once the sample is cleaned, unclamped the sample holder carefully and rinse the 
sample with distilled water before placing it in the oven to be dried.  When the 





Appendix 10: EIS results of the samples before immersion 
The three days EIS results are given below. The R(Q(RC)) circuit model is shown in 
Figure 4-14a  and R(Q(RQ))(RC) circuit model is shown in Figure 4-14b. Q-n 
represents the ideality of the capacitor, where Q-n = 1 represents ideal capacitor. 






Appendix 11: EIS results of the samples after immersion. 
The three days EIS results are given below. R(Q(RC)) circuit model is shown in Figure 
4-14a  and R(Q(R(QR))) circuit model is shown in Figure 4-14c. Q-n represents the 
ideality of the capacitor, where Q-n = 1 represents ideal capacitor. However, Q-n was not 






Appendix 12: The Redox Reaction of Ni and Fe in CuCl 
The EDX results show that one of the corrosion products is iron chloride.  There was no 
nickel chloride found on the In625 surfaces where the EDX spectra were taken.  There is 
a possibility that there was nickel chloride on the surface of In625, but it was stripped 
during cleaning process or other sample preparation steps.  The approximation of the 
reaction of Ni and Fe in molten CuCl are: 
Nickel:                    (A12.1) 
Iron:                    (A12.2) 
Both reactions can be simplified into ionic reaction: 
Nickel:                             (A12.3) 
Iron:                             (A12.4) 
and after separating the ionic reaction into each individual anodic and cathodic reaction.  
The standard potential of each reaction can be found from the Handbook of Chemistry 
and Physics [5]: 
          reaction    = -0.25V (2.6) 
         reaction    = -0.44 V (2.7) 
       reaction    = 0.52 V (2.1) 
The       
  values of nickel and iron in CuCl solution are: 
Nickel:      
   0.52 V -  (-0.25 V) = 0.77 V  
Iron:      
   0.52V – (-0.44 V) = 0.96 V  
Based in the calculated values above, the        
  value of the reaction  
                    (A12.5) 
can be calculated, which is 0.19 V. The       
  value of the reaction indicates that it is 
possible that Fe dissolution occurred on the surfaces of the metals during molten CuCl 
exposure, since a positive      
  indicates a spontaneous forward reaction. 
 
